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ABSTRACT
In the past decade, layer-by-layer (LbL) nanoassembly has been used as a tool for
immobilization and surface modification o f materials with applications in biology and
physical sciences. Often, in such applications, LbL assembly is integrated with various
techniques to form functional surface coatings and immobilized matrices. In this work,
integration o f LbL with microfabrication and microfluidics, and tissue engineering are
explored.

In

an effort to

integrate microfabrication

with LbL nanoassembly,

microchannels were fabricated using soft-lithography and the surface o f these channels
was used for the immobilization o f materials using LbL and laminar flow patterning.
Synthesis of poly(dimethyldiallyl ammonium chloride)/poly(styrene sulfonate) and poly
(dimethyldiallyl ammonium chloride)/bovine serum albumin microstrips is demonstrated
with the laminar flow microfluidic reactor. Resulting micropattems are 8-10 fim wide,
separated with few micron gaps. The width o f these microstrips as well as their position
in the microchannel is controlled by varying the flow rate, time o f interaction and
concentration of the individual components, which is verified by numerical simulation.
Spatially resolved pH sensitivity was observed by modifying the surface o f the channel
with a pH sensitive dye.

In order to investigate the integration o f LbL assembly with tissue engineering,
glass substrates were coated with nanoparticle/polyelectrolyte layers, and two different
cell types were used to test the applicability o f these coatings for the surface modification

iii
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of medical implants.

Titanium dioxide

(TiCb), silicon dioxide, halloysite and

montmorillonite nanoparticles were assembled with oppositely charged polyelectrolytes.
In-vitro cytotoxicity tests of the nanoparticle substrates on human dermal firbroblasts
(HDFs) showed that the nanoparticle surfaces do not have toxic effects on the cells.
HDFs retained their phenotype on the nanoparticle coatings, by synthesizing type-I
collagen. These cells also showed active proliferation on the nanoparticle substrates.
Cells attached on TiCb substrates showed faster rate o f spreading compared with the
other types of nanoparticle coatings. Mesenchymal stem cells (MSCs) were used as a
second cell type to support and elaborate on the results obtained with the HDFs.
Increasing surface roughness was observed with increasing number o f layers o f TiC>2 .
Tests with a higher number o f layers o f TiC>2 , showed an increased attachment,
proliferation and faster spreading o f the MSCs on a larger number o f layers o f TiC>2 .
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CHAPTER 1

INTRODUCTION

The objective of this work is the combination o f two integration techniques: i)
Layer-by-Layer (LbL)1,2 assembly and microfabrication through the formation o f
microchannels and immobilization o f various components in the channel and ii)
integration o f LbL assembly and tissue engineering through cell culture on nanoparticle
thin films assembled using LbL assembly methods. This dissertation focuses on the
formation o f thin films and patterns using LbL electrostatic nano-assembly.

1.1 Integration of LbL and Microfabrication
The study of interpolyelectrolyte complex formation at the interfaces is one o f
the important areas of interfacial and polymer chemistry. Linear polyelectrolyte ,
DNA/polyelectrolyte4, and protein/polyelectrolyte5 systems were studied in bulk
solution

demonstrating

(hydrophobic)

effects

the

protective,

synergetic,

catalytic,

o f polyelectrolyte/biomacromolecule

and

hydrophilic

combinations.

Such

composite polyelectrolyte stmctures are o f practical importance for medical purposes,
as elements o f biosensors, protective coatings, and biocompatible tools for targeted
DNA or enzyme delivery in cells. A number o f approaches have been developed,
including LBL assembly 1’2, mixing of the polyelectrolytes in stoichiometric and non-

1
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2
stoichiometric ratio,3 and in-situ interpolymerization6 to provide polyelectrolyte
structures with desired composition, properties, and biofunctionality. Ordered functional
polyelectrolyte microstructures allow the production of nanoengineered systems for cell
treatment

and

complex

interpolyelectrolyte

sensor

elements7.

Conventional
o

photolithography technologies were used to fabricate such microstructures , however,
photoligthography is not applicable to biological materials due to highly energetic
physical or aggressive chemical treatment. Therefore, lithographic methods have
significant limitations with respect to the type o f materials that can be used and the
resulting microstmctures.
One o f the most facile and versatile approaches for microfabrication in mild,
ambient conditions is laminar flow synthesis inside microchannels as proposed by
Whitesides et a t . This method employs a laminar stream o f two or more miscible
solutions in one capillary or microchannel. Laminar streams o f multiple solutions in the
same channel flow individually and the only method o f interaction between dissolved
reagents is transverse molecular diffusion. A multiphase laminar flow approach has been
used for micro fabrication of engineered inorganic structures10’11, patterned delivery of
cells12, manipulation with lipid bilayers13, separation and detection14,15 and adsorption of
protein microstrips16. This approach is especially useful in handling proteins, cells, and
other delicate biological structures and allows control o f the spatial delivery o f reagents
inside microchannels.
The formation of patterns o f oppositely charged polyelectrolytes, polyelectrolyteproteins and polyelectrolyte-ions in a micro fluidic channel made using soft lithography17
is discussed as the first part of this dissertation work. As a sub section o f the first part, the
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3
integration of microfabrication techniques and LbL nano-assembly, the formation of
arrays o f sensors by combining microfabrication techniques and nano-assembly by LbL
is

also

discussed.

The

micron-resolved

synthesis,

at

ambient

conditions,

of

interpolyelectrolyte, polyelectrolyte/ion, and polyelectrolyte/protein complexes inside a
laminar

flow

microreactor 18

poly(dimethyldiallylammonium

was

demonstrated

chloride)/poly( styrene

on

sulfonate),

examples

of

poly(allylamine

hydrochloride)/citrate ions, and poly(dimethyldiallylammonium chloride)/bovine serum
albumin complexes. Resulting micropattems are elongated structures 8-30 fim wide. The
width o f the polyelectrolyte complex and its position in a channel microreactor can be
adjusted by the concentration, diffusion coefficient, and flow rate o f individual
components. Numerical simulation was performed to analyze the influence o f individual
laminar flow rates on the position o f the liquid/liquid interface (and, as a result, the
polyelectrolyte complex) inside the channel microreactor. The position o f the
interpolyelectrolyte complex was steered within the channel by changing the flow rate in
the inlet channels. The surface o f the channels was made sensitive to pH by coating the
surface of the channel with pH sensitive l-hydroxypyrene-3, 6, 8- trisulfonic acid
(HPTS). This pH sensitive channel was used for creating selective fluorescent intensity
changes inside the microchannel based on the pH o f the inlet fluid. Selective modification
of micron sized spheres inside the microchannel is also discussed.
As part of the sub-section o f the first part o f the integration o f microfabrication
with LbL assembly, the first approach to the fabrication o f quasi-2D nano-membrane
arrays on silicon substrates with controlled composition, thickness, shape and size,
suitable for study as a sensor prototype is discussed. Free standing LbL films were made
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using a cellulose acetate layer as a sacrificial coating. LbL films were deposited on this
coating by a modification to the usual LbL process known as the spin assisted LbL
process (SA-LbL)19 where thin films are made by spinning the materials o f interest on
flat substrates. A gold nanoparticle layer inside the thin film was added to strengthen the
thin films. Micromechanical properties were measured on these arrays by uniform load
(bulging) tests. The combination of nano-scale LbL assembly and micro-pattem
fabrication (via microfabrication techniques) to form freely suspended quasi 2-D nano
membrane micro-arrays with stable and extremely sensitive properties, suitable as
sensing elements for a new generation o f nano-sensors, is discussed.

1.2 Integration of LbL and
Tissue Engineering
1.2.1 Super-Hvdrophilic Nanoparticle
Coatings
In the second section, the adsorption o f nanoparticles on various substrates to
form hydrophilic, biocompatible coatings is discussed. In the first subsection o f this
section, the formation o f super-hydrophilic coatings o f titanium dioxide (TiCh)
nanoparticles is discussed. Previously, many researchers have shown hydrophilic surfaces
produced from the formation o f LbL assembled thin films o f polyelectrolytes20. These
thin fdms retain their hydrophilic nature for a very short time which is a major
impediment for many applications where a long lasting hydrophilic coating is necessary,
such as antifogging coatings, self cleaning coatings etc. Here, for the first time, we show
the hydrophilic nature o f titanium dioxide (Ti0 2 ) nanoparticle thin films coated on glass,
poly(methyl methacrylate) (PMMA) and polydimethylsiloxane (PDMS) and these
coatings exhibit a long lasting hydrophilic nature. The super-hydrophilic characteristics
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o f Ti02 films were previously observed only when the films were irradiated with UV
light21. We demonstrate here that a stable super-hydrophilic coating, which does not
require UV irradiation 22 , can be developed based on TiCL nanoparticles and polymer
'

nanocomposites via LbL assembly. The wettability of any surface, such as glass, PMMA
and PDMS, can be controlled by coating the substrates with alternate layers o f TiCL
nanoparticles and polyelectrolytes, such that stable, long lasting hydrophilic coatings can
be obtained. TiCL is among the most frequently used biocompatible materials for
implants where good attachment of cells to these materials is essential. In this work,
human dermal fibroblasts (HDFs) have been shown to thrive on TiC>2 nanoparticle LbL
films, thus demonstrating the biocompatibility o f these surfaces.
1.2.2 Cell Culture on Nanoparticle Thin Films
In the second sub section, the formation o f thin films o f various nanoparticles to
test the attachment, proliferation and spreading o f cells is discussed23. Polymeric coatings
for the formation o f cell adhesive coatings on different substrates have been reported by
many researchers24. These coatings, however, that have been shown to promote cell
adhesion, are limited by their ability to provide nanometer scale surface topography for
the cells to adhere to and spread out over the surface. It has been shown by Webster et. al.
that the attachment of cells increases in the presence o f nanometer scale surface
features25. Here, we have applied the theory that nanoparticles can be assembled with
polyelectrolytes and the fact that the cells show a preferentially increased attachment to
nanostructured surfaces to form thin films o f nanoparticles with the desired surface
topography. The objective of the formation o f nanoparticle thin films is to have a surface
roughness favorable for the cells to attach and spread on the surface. Through
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nanoparticle thin films assembled via LbL, one can have a multilayer structure consisting
o f nanoparticles and polymers and have a controlled surface roughness produced on the
substrate surface with out compromising the integrity of the assembled thin films. Here,
various nanoparticles were assembled on glass substrates as thin films ranging in
thickness form 6 nm to 300 nm. The attachment o f human dermal fibroblasts (HDFs)23
and mouse mesenchymal stem cells (MSC)26 was tested on these nanoparticle thin films.
It will be shown in the following chapters that the nanoparticle thin films, with controlled
roughness, are important for inducing the proper attachment, proliferation and spreading
o f cells. TiCb thin films provided the best surfaces for these two cells types in terms of
attachment, proliferation and spreading. In general, more cells attached to rougher
surfaces than on smoother surfaces. The attachment o f cells was observed to be faster on
rougher surfaces (larger number o f layers of nanoparticles) than on smoother surfaces.

1.3 Organization of the Dissertation
This dissertation is divided into 9 chapters. In the second chapter, the literature
review and background information on the integration o f LbL with microfabrication
techniques and the integration o f LbL and tissue engineering is discussed. In the next
chapter, the experimental details, including the materials, methods,

fabrication

techniques, instrumentation and numerical simulation are discussed. In Chapter 4, the
integration of LbL and microfabrication through microfluidic channels are discussed.
Chapter 5 focuses on the integration o f LbL with microfabrication for the formation o f
freestanding thin film sensors. Chapter 6 focuses on the formation o f nanoparticle thin
films for super-hydrophilic biocompatible coatings using Ti02 nanoparticles. In Chapter
7, the cell culture techniques on nanoparticle thin films is discussed. Two types o f cells
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are studied in this chapter. In Chapter 8, the assembly o f polyelectrolytes on glass
substrates for the adsorption of hormones is discussed. The conclusions for each work are
drawn at the end of the chapter discussing the work. Finally, in the ninth chapter,
summary o f the entire work and future work is discussed.
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CHAPTER 2

LITERATURE REVIEW

The literature review is divided into two sections, 1) covers the background o f the
micro fluidic devices and our integration attempts o f microfabrication with LbL assembly
and 2) the background o f nanophase materials for the formation o f cell adhesive layers
and our efforts to integrate tissue engineering (cell culture) and LbL.

2.1 Background of Laminar Flow
Microfluidic Devices
Conventional photolithography and other relevant technologies (multilayer
photolithography, electron beam lithography, inductively coupled plasma etching, etc.)27,8
are widely used in industry to fabricate ordered 2D and 3D microstructures, mostly based
on silicon. This technology is rather complex and contains several series of planar
pattem-transfer steps. Harsh chemical or energetic treatment accompanies each transfer
step. To reduce possible defects and destruction o f delicate constituents, a number of
alternative

methods

for

microfabrication

were

developed28,29

which

include

electrochemical fiber growths, electroless deposition, light tweezer assisted deposition
and micromolding in capillaries. Most o f these methods are acceptable for working with
bioorganic materials, however, they are complicated and do not have the desirable level
of diversity.

8
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Integration of softlithography and microfludics has produced many fluidic devices
which are used in the fields of chemistry and biology 30 . Laminar flow o f multiple fluids
inside a single channel allows them to flow separately. The only method o f interaction
between the fluids is molecular diffusion across the interface9’10 between the fluids.
Usually, laminar flow synthesis is carried out inside microchannels or microcapillaries
prepared by softlithographic techniques. Multiphase laminar flow has been used for
microfabrication of lipid bilayers inside capillaries13, patterned delivery o f cells and
proteins31, selective deposition o f material inside microfludic channels9’32, separation14,
detection15 and membraneless fuel cells11. The microfluidic approach was shown to be
especially valuable for working with bioactive compounds33.
Whitesides et. al., reported microfabrication using multiphase laminar flow
patterning inside microchannels made o f PDMS9. In the first paper, demonstrating the
phenomena o f multiphase liquid flow parallel to each other with minor diffusion across
the liquid-liquid interphase, they demonstrated the fabrication o f trenches, polymeric
complex, chemiluminescence, fabrication o f calcite and apatite microcrystals, etching o f
silver and gold and the fabrication o f complex electrical circuitry contained inside a
microchannel (Figure 2.1 and Figure 2.2).
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Figure 2.1. (a) Fabrication of trenches, (b) polymeric complex, (c) chemiluminescence
and (d) fabrication of calcite and apatite microcrystals inside a microchannel made of
PDMS9.
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Figure 2.2. Etching of siliver and gold and the fabrication o f complex electrical
circuitry contained inside a microchannel9.
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The work done in the integration o f microfluidics and biology by the group
headed by Whitesides is the patterning o f proteins inside the microchannels, the selective
detachment of cells and patterning o f cells inside the channels (Figure 2.3)31.

TryESiriHEDrA
WfirJa

Figure 2.3. (a) Top view o f a microfluidic channel, (b) patterning o f different cell types
inside a channel, (c) Selective staining o f cells inside a channel filled with cells and (d)
patterned detachment of cells inside the microfluidic channel by laminar flow
patterning31.

Yager et. al. developed a similar microfluidic device, ‘T-sensor’ for applications
in biochemical, chemical and cellular analysis inside confined volumes. The generation
of pH gradients inside a microchannel34, cell lysis and protein extraction35, diffusion
immunoassay and separation15 o f proteins inside microfluidic channels was achieved
(Figure 2.4 and Figure 2.5).
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Figure 2.4. (a) Schematic o f a diffusion immunoassay in a T-sensor and (b) a microfluidic
device used for testing the immunoassay15.
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The groups headed by Whitesides and Yager are the principle researchers in this
field of laminar flow synthesis/fabrication inside microchannels. The other notable works
in this field are selective chemical treatment of cellular microdomains using multiple
laminar streams36, detection and sorting of cells and particles37, fluorescence activated
cell sorting38, lipid manipulation inside a channel1^, design and characterization of
immobilized enzymes in microfluidic systems39 and assay for bacterial chemotaxis40.
These works have been accomplished by application o f the basic principle o f diffusion
across the liquid-liquid barrier in multi-phase laminar flow microfluidic channels.
Synthesis of polyelectrolyte complexes is one of the well studied areas in polymer
chemistry. Previously, many methods and methodological approaches for fine,
nanoengineered and simple, fabrication were developed41,42,43 for the formation o f
polyelectrolyte complexes. Among them is the reaction between stoichiometric and non3

12

stoichiometric quantities of oppositely charged polyelectrolytes LbL assembly ’ in-situ
polymerization and electroinduced polymerization. Interpolyelectrolyte complexes are o f
practical interest for water treatment and purification, paper making, as solid electrolytes
in batteries, corrosion-protective agents, coagulants, etc. Furthermore, introducing
bioactive materials (DNA, proteins, cells, enzymes, dmg formulations) as constituents of
the polyelectrolyte complex considerably extends its application to the fields o f
biotechnology, pharmacy, and medicine44,45. Different polyelectrolyte combinations with
bioactive material demonstrate the synergetic and protective properties o f polyelectrolyte
components.
In spite o f the large number o f methods worked out so far to synthesize
polyelectrolyte complexes in bulk or planar structures, there is an absense o f simple and
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comprehensive technologies to fabricate nanoengineered polyelectrolyte complexes on
the microlevel. Such a lack of new approaches is especially significant for bioconjugated
polyelectrolyte combinations. When introducing bioactive material in polyelectrolyte
complex, it is important to retain the initial activity and structure46 of the complex. For
this purpose, micropatteming o f biostructures should be conducted in mild, ambient
conditions. Bioactive polyelectrolyte micro-nano structures can be used as elements of
biosensors (polymeric circuits involving bioactive sensor element, transmission wires,
signal detectors, etc.), protective coatings, and biocompatible tools for targeted DNA or
enzyme delivery.
In this work, we have succefully integrated the laminar flow fabrication method to
produce

micropattems

of

interpolyelectrolye,

polyelectrolyte/protein

and

polyelectrolyte/ion complexes inside the channels. We also show that the width o f the
polyelectrolyte complex and its position in the channel microreactor can be adjusted by
the concentration, diffusion coefficient, and flow rate of individual components. We also
show the selective treatment o f microparticles inside the channel and the selective
deposition and treatment o f the channel surface with a pH sensitive dye.
2.1.1 Integration of Thin Film Sensors with LbL
Sensor arrays in the millimeter down to the micrometer range are o f great
importance to applications involving sensing and imaging. In such applications, flexible
membranes with submicron thickness are required. These flexible membranes and
microcantilevers with submicron dimensions are emerging as key elements in biological,
chemical, pressure and thermal sensors47. In order to have a significant amount o f
deflection under low stimuli, rigid membranes which are typically manufactured from
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silicon, must have large lateral dimensions and micro/nanoscopic thickness48’49,50. The
current silicon based technologies are subject to severe limitations when considerable
miniaturization is required for device fabrication for applications that use these types of
sensors. Reducing the lateral dimensions of these flexible membranes from millimeter
size range down to the microscopic range significantly increases their rigidity, which is a
condition that cannot be compensated for by reducing the membrane’s thickness. Efforts
to fabricate membranes from polymers and lipids have not been very successful. These
materials have produced films that are too fragile to withstand significant mechanical
stress 51’52'53. These factors combined with the ever growing need for the miniaturization
of sensors from microscale to nanoscale dimensions face significant challenges using the
technologies that are available today.
Conventional LbL assembly is a well known technology for the fabrication o f
engineered, multilayered, nanocomposite devices and thin films54. LbL self-assembly is
exploited for the fabrication of multilayered structures with various applications in drug
delivery55, electrochromic surfaces56, nanoreactors57, fuel cells58 and nano structured
mechanical thin films59. In the last decade, a variety o f materials have been used for LbL
assembly which include nanoparticles ’ , carbon nanotubes , inorganic materials ,
quantum dots63 and biomaterials64.

Although conventional LbL assembly is widely

applied, recently described spin-assisted LbL (SA-LbL) assembly65 makes the assembly
process more efficient. It seems that, due to the polymer chain orientation, the SA-LbL
leads to increasing stability of ultrathin multilayered films66. Therefore, robust freely
suspended LbL films with nanoscale thickness (below

100 nm) with record

micromechanical properties have been recently fabricated and offered as prospective
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sensing elements for membrane-based thermal and acoustic microsensors67. These
nanomembranes demonstrated low flexural rigidity combined with extraordinary high
toughness (ultimate strength up to 100 MPa and elastic modulus o f 1-10 GPa) 68’69’70.
Freely standing quasi-2D polymer films with well-defined shapes that have been
synthesized recently, can be exploited for these purposes71. Integration o f these compliant
nanomembranes into prospective microsensors and microscopic arrays requires their
assembly onto micropattemed silicon substrates with organized columns and rows o f
optical cavities.

Examples of patterned freely standing LbL films have been recently

demonstrated for magnetic sensors72.
In our work for the integration o f LbL with micro fabrication techniques, we use
two approaches, a) integration o f LbL with microchannels (prepared using soft
lithographic techniques) for the formation o f polyelectrolyte complexes and study the
effects o f flow rates and diffusion coefficients on these complexes, selective surface
modification o f microparticles and for the formation of pH sensitive microchannels and
b) formation o f sensor arrays o f free standing thin films by the integration o f LbL and
lithography based micro fabrication techniques (to form arrays o f holes to be covered by
the free standing thin films) to accelerate the optimization o f flexible sensors applicable
in biological, thermal and chemical fields.
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2.2 Integration of LbL and
Tissue Engineerine
2.2.1 Super-Hydrophilic, Biocompatible
Nanoparticle Thin Films
Understanding the properties of surfaces with superhydrophilicity (contact angle
= 0°) or superhydrophobicity (contact angle > 90°) are o f great interest for research and
practical applications. These kinds o f surfaces are used to create self cleaning surfaces,
which could potentially be used as surface protective coatings on various surfaces.
Titanium dioxide (Ti02) has been studied as a material for formation o f hydrophilic
coatings 73 ’21 . Apart from its use as a photocatalyst for phenol degradation 7 4 ’75 , TiC>2 films
under ultraviolet (UV) light become super-hydrophilic, i.e., provide zero degree contact
angles. This property has been exploited by industry to create antifogging and
selfcleaning coatings76.
There are a number o f techniques for the formation o f TiC>2 layers including
coatings using self assembled monolayers (SAMs)21, , spin coating77, chemical vapor
deposition (CVD)78, sputter deposition79 etc. Layer-by-Layer (LbL) electrostatic
assembly is an innovative nanofabrication technique for producing multilayer structures
with nanometer precision through alternate deposition o f oppositely charged components
(polymers, proteins and nanoparticles) via electrostatic interaction 1’2. Simplicity o f the
LbL assembly technique makes it an attractive and cost-effective method for the
formation of ultra-thin films with desirable properties for corrosion control80,
biocompatibility81, hydrophilic and hydrophobic polymeric coatings82’83, sensors84, etc.
Following the successful demonstration of the formation o f Ti02 nanoparticle thin films
using LbL technique , LbL assembled TiCL nanoparticles have been applied in solar
cells86 and

rectifying junctions

on

metal

nanowires87.

The

super-hydrophilic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

18

characteristics of TiCh films were previously observed only when the films were
irradiated with UV light86,87. We demonstrate here that a stable super-hydrophilic coating,
which does not require UV irradiation, can be based on U O 2 nanoparticles and polymer
nanocomposites via LbL assembly. The wettability of any surface, such as glass,
poly(methyl methacrylate) (PMMA) and polydimethylsiloxane (PDMS), can be
controlled by coating the substrates with alternate layers o f TiCL nanoparticles and
polyelectrolytes, such that stable, long lasting hydrophilic coatings can be obtained. TiCL
is among the most frequently used biocompatible material for implants 88 where good
attachment o f cells to these materials is essential.
2.2.2 Nanophase Materials for Cell Culture
One o f the main factors influencing the attachment and subsequent survival of
cells on materials is the surface roughness. There are many physical factors influencing
the attachment of cells on surfaces which include surface wettability, surface free energy,
roughness, composition and method o f preparation. Here we will concentrate on surface
roughness effects on the attachment o f cells. Titanium and aluminium surfaces are widely
used in the implants industry to replace the defective or damaged bones. Many
researchers have studied the effects o f the surface roughness o f these surfaces for the
attachment and proliferation of various kinds o f cells. Table 2.1 shows the effects on the
roughness of surfaces with different treatments89. A subsequent study on these surfaces
showed that the percentage of cells attached to the rougher surfaces was more than the
surface with a smoother finish (Figure 2.6). The initial attachment was good on smooth
surfaces, but as the number of hours advances, the rough surfaces show more cells than
the smooth ones. One o f the reasons cited here is the effect o f surface area. The rougher
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surfaces have a higher surface area than the smoother ones. So the rough surfaces had
more surface for the cells to attach to and proliferate than the polished surfaces.

Table 2.1. The mean and standard deviation o f the surface roughness parameters of three
93
samples o f ceramic abutments .
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Figure 2.6. Attachment o f human gingival fibroblast to the different ceramic surfaces.
Each bar represents the mean o f percentage o f attachment in one o f two identical
experiments performed in triplicate. * Statistically significant differences
compared with the polished surfaces P< 0.0593.
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Another study on the attachment o f cells also found that the surface with rougher
texture offers a better surface for the attachment and proliferation o f cells (Figure 2.7 and
Figure 2.8)90. The findings from this study show that human bone marrow cells can detect
changes in roughness of the order o f 600 nm and bovine serum albumin is adsorbed
preferentially onto the smoother Ti alloy. The rough substrate binds a higher amount of
total serum protein and fibronectin than does the smooth surface. The increased cellular
attachment on rough Ti alloy could be explained by the preferential adsorption of
fibronectin onto this substrate. Other studies on the attachment o f cells on surfaces of
varying roughness also found that the cells attached and proliferated better on rougher
surfaces than on the same material with a smoother surface finish
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Figure 2.7. Human bone marrow cell attachment to Ti alloy disks with three surface
roughness values and the control. Attachment is displayed as the percentage o f cells
attached after 0.5 and 2 h o f incubation. 1200, 600 and 180 is the grit o f the paper with
which the surface o f Ti was polished. Values are the mean ± SD o f six cultures. *, **
indicate a significant difference with plastic at the corresponding time point (* p<0.05; **
p<0.01)94.
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Figure 2.8. Human bone marrow cell proliferation after 8, 11, 14 and 16 days of culture
on Ti alloy for the three groups (Til200, Ti600 and Til80) and the control (tissue culture
plate). Values are the mean ± SD o f six cultures. * indicates a significant difference with
both plastic and T il80 at the corresponding time point (p<0.05)94.

Recently, nanostructured surfaces are being investigated extensively to study the
effects o f nanophase surface roughness on the attachment o f cells. Thomas Webster’s
group at Purdue University is the main research group working on the attachment o f cells
to nanostructured materials 92 ’93 . They have shown the increased attachment of cells on
different kinds o f nanostructured surfaces including fibers nanophase ceramics and
metals. A comparision o f borosilicate glass with surfaces with various grain sizes
(roughness) was performed to evaluate the attachment o f osteoblasts to these surfaces and
is depicted in Figure 2.9.
Cell-surface interactions are o f great importance and is an area o f intense research
for orthopedic, dental and other types o f implants94. The initial interaction o f cells with
these surfaces has been shown to affect the long term viability o f the implants95. Nano
phase materials have recently been shown to have greater advantages over conventional
materials for increased cell attachment96,97. Nano-structured materials offer many
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possibilities for the modification o f various materials

for optimal attachment,

proliferation and spreading of different kinds o f cells. The attachment of cells was shown
to increase in the presence of or when coated with nano-phase materials 98 . The increased
surface area of nano-phase materials as compared to unmodified surfaces, for the cells to
attach to and spread was attributed to the increased attachment of cells on these
surfaces93’99. Different aspects, such as surface wettability and free energy100, surface
roughness and material composition101, method o f preparation102, etc. of nano-structured
materials have been studied for attachment and were determined to be major factors
influencing the behavior of cells, in-vitro. A variety of nano structured materials such as,
ceramics103, nanoparticles104, polymers105 and extracellular matrix proteins106, when
coated or present107, have been shown to be effective in increasing the proliferation o f
different kinds o f cells. A range o f different techniques have been employed for the
modification o f implantable materials including self assembled monolayers, chemical
modification, spin coating, etc.
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Figure 2.9. Osteoblast proliferation on ceramics, (a) □ borosilicate glass (reference
material), H 167 nm grain size alumina(conventional), and H 24 nm grain size alumina
(nanophase); (b)Q borosilicate glass (reference material), H 4520 nm grain size titania
(conventional), and E3 39 nm grain size titania (nanophase); and (c) □ borosilicate glass
(reference material),Hi 179 nm grain sizehydroxyapatite (conventional), and S3 67 nm
grain size hydroxyapatite (nanophase). Osteoblast proliferation under standard cell
culture conditions was determined after 1, 3, and 5 days. Values are mean ± SEM; n=3; *
P<0.01 (compared to respective conventional grain size ceramic); + P< 0.01 (compared
to borosilicate glass)99.

A new technique used for surface modification is the LbL nanoassembly, which
works on the principle o f electrostatic attraction between oppositely charged species,
such as polymers, nanoparticles, enzymes/proteins and so on. The LbL technique has
been employed in various applications in biological and materials fields. LbL assembly
offers a greater advantage over other methods o f surface modification, in that the
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adsorption of material can be controlled with nanometer precision and the architecture of
the assembled fdms can be tuned to include multiple components (internal multilayered
organization) with specific purposes for each component without compromising the
integrity of the assembled multilayer film or the material being coated.
In this work, we will discuss the formation o f surfaces with nanophase roughness
using the assembly of nanoparticle thin films on glass substrates and the attachment of
cells to these surfaces. Recently, for the first time, we have shown the LbL assembly of
nanoparticles for the modification o f various surfaces for improved attachment o f cells22.
Attachment of cells on an otherwise cell repellent surface was observed after coating
those surfaces with TiC>2 nanoparticles. In a related study, TiC^ thin films were shown to
be the best surfaces for the faster attachment and spreading o f cells compared with other
kinds of nanoparticle thin films26. Based on these initial studies, Ti02 nanoparticles were
chosen for studying the effects o f surface roughness o f LbL assembled thins films on the
attachment, proliferation and spreading o f mouse mesenchymal stem cells (MSC).
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CHAPTER 3

EXPERIMENTAL SECTION

The experimental section is divided into the two parts which describe the different
sections o f this dissertation. In the first part, the experimental details about the integration
o f microfabrication and LbL assembly will be discussed. In the second part, the
biological aspects o f the thin films formed using LbL assembly will be discussed.
Materials, methods and instrumentation will be discussed in detail in this section.
Some o f the characterization tools available for the thin films formed using LbL
are the quartz crystal microbalance (QCM), UV-visible spectroscopy, atomic force
microscopy (AFM), scanning electron microscopy (SEM), contact angle measurement
devices, confocal and fluorescent microscopy, surface profiler, small-angle X-ray and
neutron reflectivity, Fourier transform infrared spectroscopy, X-ray photoelectron
spectroscopy,

ellipsometery and surface plasmon

resonance.

The

above

listed

characterization tools can be used for determining the thickness, composition and to
determine the adsorption o f material on the substrates o f interest. The tools mentioned
above are some of the more frequently used tools for characterization purposes. However
there are many other tools (not mentioned) that can be used for characterization. All of
the tools mentioned above have their own advantages and limitations. Depending on the
kind o f substrate used and the environment in which the assembly takes place, the tools
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o f interest are chosen, that will give optimal results. The tools used to characterize the
LbL thin films, in this dissertation are: Quartz crystal microbalance (QCM) (USI systems,
Japan) which was used to determine the thickness of the thin films deposited using LbL,
UV-vis spectroscopy (Agilent 8453 UV-vis) was used to determine the deposition o f the
thin films using the absorbance o f the material deposited, confocal microscope (Leica)
was used to image the fluorescent molecules deposited using LbL and to visualize cells
for the viability tests, surface profiler (Wyko) was used to measure the surface roughness
of the nanoparticles assembled. Scanning electron microscope (AMRAY) was used to
image the cells for the spreading tests, atomic force microscope (Quesant) was used to
acquire the images of the polyelectrolyte complexes.

3.1 Microfabrication and
Layer-by-Laver Assembly
3.1.1 Materials
Positive photoresist (AZ 9260) was purchased form MicroChemicals. Silicon
wafers

were

purchased

Poly(dimethyldiallylammonium

form

Montco

chloride)

(PDDA,

poly(allylamine hydrochloride) (PAH, MW

Silicon
MW

Technologies,
~

200,000,

Inc.

Aldrich),

10,000, Aldrich), which are positive

polyelectrolytes at pH<11.5 and pH<8.5, respectively, and poly(styrene sulfonate) (PSS,
MW 70,000, Aldrich), which is a negative polyelectrolyte at pH> 1.5, were used for the
formation

of

polyelectrolyte

complexes.

8-Hydroxypyrene-l,3,6-trisulfonic

acid

Trisodium salt (HPTS, SIGMA-H1529) and PDDA solutions were premixed in the ratio
of 1:4 according to the procedure described earlier108. For confocal fluorescence
microscopy investigations, PDDA and PAH were labeled with fluorescein isothiocyanate
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(FITC) and PSS was labeled with tetramethyl rhodamine isothiocyanate (TRITC)
according to the procedure for amine labeling109. Bovine serum albumin (BSA) and
sodium citrate were purchased from Sigma. All chemicals were used as received. The
water in all experiments was prepared in a three-stage Millipore Milli-Q Plus purification
system and had a resistivity higher than 18 MB -cm.
3.1.2 Instrumentation
A mask aligner was used to transfer the pattern of the channels for the mask to the
photoresist on the silicon wafer. Inductively coupled plasma etching (Alcatel) was used
to etch the silicon wafers after exposure. Hot embossing ((JENOPTIK Mikrotechnik) was
used to transfer the pattern from the silicon wafer on to poly(methyl methacrylate)
(PMMA). Oxygen plasma was used to bond the channels (PDMS) to glass slides. A
syringe pump (Kd scientific) was used to pump solutions into the channels. The formed
complexes were visualized using the confocal microscope, AFM and optical microscope.
3.1.3 Fabrication of Microchannels
Lithography on silicon was performed using a thick layer o f positive photoresist.
Then, the wafer was etched using inductively coupled plasma etching (Alcatel, 60IE,
USA) to prepare channels o f 200-400 jam wide. The resulting wafer pattern was used as a
mold for the subsequent hot-embossing o f a PMMA sheet. This hot-embossing step
transfers the channels onto the PMMA sheet as raised lines. The PMMA replica was used
as the final mold to form microchannels in a polydimethyl siloxane (PDMS) membrane.
To obtain final PDMS microchannels, PDMS (Sylgard 184 silicone elastomer) and the
curing agent (Sylgard 184 curing agent) were mixed in 10:1 ratio, poured onto the
PMMA replica, and heated at 80°C for 30 minutes. The channels formed in the PDMS
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and a glass slide were then exposed to oxygen plasma for 30 seconds and were brought
into contact immediately, which attached the PDMS channel to the glass surface
irreversibly9. The schematic representation of the formation o f the channels is depicted in
Figure 3.1.

Plain silicon
w afer

Photom ask
Photoresist

4

Patterned
Photoresist

IC P etching and
photoresist
rem oval
Hot em bossing of
the patterned silicon
w afer on P M M A

P D M S on
PMMA

PDMS
channel

Figure 3.1. MicroChannel formation through lithography, hot embossing and softlithography.
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3.2 Experimental Setup
The procedure is schematically illustrated in Figure 3.2. Y- and S-type reactor
microchannels were employed to demonstrate the formation of interpolyelectrolyte,
polyelectrolyte/protein or polyelectrolyte/ion micropattems. To fabricate polyelectrolyte
microarrays on the glass support, a PDMS membrane with the channel pattern molded
into its surface was brought into a contact with the flat surface o f the glass slide, after
oxygen plasma treatment. Each reactor channel was provided with two inlets and one
outlet. Reagents from the inlet channels converge into a single laminar stream in the
reactor microchannel. Each reagent solution was gently pumped into its inlet by a syringe
pump. An experimental setup is schematically represented in Figure 3.2:(a, b)
polyelectrolyte complex formation inside Y and S-type channel microreactors; (c) side
view perpendicular to the reactor microchannel PDMS sheet, with microchannels molded
in its surface was placed on the flat surface o f glass support to form polyelectrolyte
micropattems with PDDA, PSS and bovine semm albumin (BSA). (d) microphotographs
o f the channel microreactors. The microfluidic reactor system as shown in Figure 3.3, is
composed o f two inlet channels (1, 2), reactor microchannel (3), and one outlet channel
(4). Each reagent solution was gently pumped into its inlet using a syringe pump
equipped with two syringes (5). Solutions flowing in the inlet channels converge into a
single laminar stream in the reactor microchannel. Detailed explanation about the
experiments conducted using these channels and the materials used will be discussed in
the results section.
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Figure 3.2. Schematic representation o f laminar flow patterning experiment.
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Figure 3.3. Schematic illustration o f the laminar flow pattering experimental setup.

3.3 Numerical Simulation
The reaction o f species in microchannels o f various geometries and conditions has
been studied for a long time. Two or more species flowing under laminar conditions in
microchannels interact only by molecular diffusion. If adjacent layers o f fluid flow
smoothly over or next to each other, the flow is called laminar flow. At higher flow rates
(velocity) the flow changes form laminar flow conditions to turbulent flow conditions.
The velocity where the transition from laminar to turbulent takes place depends on the
geometry of the channel (tube) and the viscosity o f the fluid(s). The onset o f turbulence
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was determined experimentally and is defined by a dimensionless parameter known as
the Reynolds number (Re) which is defined by:
Re

where p is the fluid desity, vis the velocity o f flow, d is the diameter o f the channel and
//is the viscosity of the fluid110. It has been shown experimentally that the onset of
turbulence occurs at Reynolds number over 3000. The condition o f flow at Re<2100 is
know as the laminar flow condition. The condition of flow at the intermediate range
2100>Re>3000 is known as the transition region where the transition from laminar to
turbulence occurs.
3.3.1 Effect of Flow Rate
Theoretical modeling for “Y”-shaped channels was done using CoventorWare
software version 2001.3 (http://coventor.com), a fully integrated microelectromechanical
systems (MEMS) design environment, to analyze the effect o f solution flow rates on the
position o f the polyelectrolyte complex in the microchannel. The reaction between PDDA
and PSS, PDDA and BSA was assumed to be a first order nonreversible diffusioncontrolled reaction. The diffusion coefficient o f the polyelectrolytes (PDDA, PSS and
PAH) in aqueous solutions was taken as 10'7 cm2-s_l, that of the BSA was taken as 5T0"6
ernes'1 H1’112. For citrate ions the diffusion coefficient was assumed to be 10'5 cm2-s"'.
Since the reaction between the oppositely charged polyelectrolytes is fast and
irreversible, the reaction rate constant was taken as very high and was set to the
maximum allowable in the software.
The individual flow rates o f the inlet solutions were varied and the position o f the
complex inside the channel was simulated using the software. Increasing the flow rate in
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one o f the inlet channels increases the amount of solution flowing in that channel and this
shifts the formation of the complex towards the side with the lower flow rate. This
shifting o f the complex using the flow rate variation is a powerful tool to position the
complex at a predetermined location inside the channel. This can also be done during the
reaction. The simulation results for the variation in flow rate are illustrated as follows,
below. Figure 3.4 shows the condition simulated where the flow rates in the inlet
channels is equal, ft can be seen that the reaction product is formed in the middle o f the
channel. The simulation of the variation in flow rates is shown in Figures 3.5-3.8. The
flow rate in the left inlet channel is increased by a factor o f 2, 3, 5 and 10 times. One can
see the shift in the product formation from the middle o f the channel for equal flow rate
towards the side having a lower flow rate. This is due to the volume o f the liquid
(reactants) flowing in the channels. The higher the flow rate, the higher is the volume of
the liquid flowing in that channel and this pushes the product formed from the middle of
the channel to the side with lower flow rate (lower volume o f liquid flow). Figure 3.5
shows the condition o f flow where the flow rate in the inlet channel in the left is twice the
flow rate o f the fluid on the inlet channel in the right. Figure 3.6 shows the condition
where the flow rate in the left channel is three times the flow rate in the channel on the
right. Figure 3.7 and Figure 3.8 show the flow conditions where the flow rates in the left
channel are 5 and 10 times the flow rate in the right inlet channel. It can be seen from the
line graphs (plot on the right side o f each figure) and the channels images that the
reaction product shifts from the left side to the right side by increasing the flow rates.
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Figure 3.4. Left, Simulation results for equal flow rates in the left and right inlet channels
and right, line graph of the mass fraction in the middle o f the outlet channel.

External
Surface
Contours

M oss F roction 3

10 0 .0

2 0 0 .0

D is ta n c e

Figure 3.5. Simulation of the condition where the flow rate in the left inlet is
2 times the flow rate o f the inlet on the right.
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Figure 3.6. Simulation of the condition where the flow rate in the left inlet is
three times the flow rate o f the inlet on the right.

External
Surface
Contours

0 . 15 -

G

O
«

0 .1 -

05

TO

CD
2 0 .0 5 -

0.0
M ass Fraction 3

0.0

100.0

200.0

300.G

D is ta n c e

Figure 3.7. Simulation of the condition where the flow rate in the left inlet is
five times the flow rate o f the inlet on the right.
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Figure 3.8. Simulation o f the condition where the flow rate in the left inlet is
ten times the flow rate o f the inlet on the right.

3.3.2 Effect of Diffusion Coefficient
The simulation of the condition where the diffusion coefficient is higher on one
side o f the inlet channels is shown in Figure 3.9. In this simulation, the diffusion
coefficient of the species in the left inlet channel is 100 times more than the diffusion
coefficient of the species in the right inlet channel, which is the simulation o f the
polyelectrolytes in the right inlet and the ions in the left inlet. Since the ions have a higher
diffusion coefficient than the polyelectrolytes, the diffusion o f ions into the
polyelectrolyte side of the reaction channel can be clearly seen. The line graph o f this
simulation is shown in Figure 3.10.
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Figure 3.9. Simulation of the variation o f diffusion coefficient in the reaction channel.
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Figure 3.10. Line graph o f the raction product in the reaction channel.

3.4. Laver-bv-Laver Assembly
for Microfluidics
LbL was used for the formation o f pH sensitive thin films inside the microchannel
surface. First, the channel surface was coated with a positively charged pH sensitive
polyelectrolye (PDDA-HPTS) by flowing it into one of the inlet channels for 10 min at
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0.1 mL/min. Then the channels were rinsed by injecting DI water into the channels at a
rate o f 0.1 mL/min for 5 min. Then the channel was coated with a negatively charged
polyelectrolyte(PSS) by flowing it through the channel for 10 min at 0.1 mL/min. By
repeating this process, the channel surface was coated with 7 bilayers of PDDAHPTS/PSS. The channels were then used to pump solutions o f different pH to obtain the
spatial resolution in the sensitivity to pH, in-situ.

3.5 Layer-by-Layer Assembly for
Superhydrophilic Nanoparticle
Coatings
3.5.1 Materials
Poly(styrene sulfonate) sodium salt (PSS, 70KDa, Sigma), poly(dimethyldiallyl
ammonium chloride) (PDDA, 200KDa, Sigma), poly(allylamine hydrochloride) (PAH,
70 KDa, Sigma) were used as received without further purification. TiC>2 (diameter
21nm, Aeroxide TiCL, P25 Degussa AG, Germany), montmorillonite (Aldrich, USA),
Halloysite G clay ( diameter 50 nm x 500 nm cylinder, New Zealand China Clays Ltd,
New Zealand) and silica nanoparticles (diameter 7-9 nm, Nissan Chemical Industries
Ltd., Japan) were dispersed in DI water and used for LbL assembly. Glass microscope
slides were purchased from VWR scientific. Polydimethylsiloxane (PDMS) was obtained
from Dow Coming and the preparation o f the PDMS substrates were explained in detail
previously. Poly(methyl methacrylate) (PMMA) was obtained as sheets from AIN
Plastics, USA. Human dermal fibroblasts (HDF) were purchased as cryopreserved stocks
from Cascade Biologies, Inc. Microscope glass slides were used as substrates for LbL
assembly and were purchased from VWR scientific. Mesenchymal stem cells (MSCs)
were purchased as cryopreserved stocks from ATTC. Cell viability was performed using
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the cytotoxicity test kit obtained from Molecular Probes. Cell proliferation was tested
with the incorporation of bromodeoxyuridine (BrdU, Oncogene) in the cell culture media.
Cell

phenotype

was

determined

using

polyclonal

antibodies

(Rockland

Immunochemicals) raised against human type I collagen.
3.5.2 Instrumentation
A dipping machine (Riegler & Kirstein Gmbh, Germany) was used for the
formation o f thin films of nanoparticles on the substrates. Confocal (Leica) and
fluorescent microscopes were used for the cell viability and attachment studies. Surface
roughness step tester (Wyko surface profiler, Veeco instruments, USA) was used for
measuring the surface roughness o f the substrates. For thickness measurements,
nanoparticles/polyelectrolytes were coated on 9 MHz quartz crystal resonators. The
change in frequency of the resonators, monitored using a USI-system, Japan, was
correlated with an increase in film thickness byS d = -0.016<5F, where Sd is the change
in the thickness and SF is the change in frequency. The UV-visible absorbance
measurements o f the TiC>2 nanoparticles on quartz slides were monitored using an Agilent
8453 UV-vis spectrometer. The water contact angle (WCA) was measured by the sessile
drop method using a Data Physics OCA contact angle measurement device. Scanning
electron microscopy (AMRAY) was used to visualize the manner o f cell attachment and
the degree o f cell spreading on the substrates. The surface potential o f the nanoparticles
was measured using a Brookhaven Zeta Plus micro-electrophoretic instrument.
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3.6. Layer-by-Layer Assembly for
Tissue Engineering and
Wettability Studies
All solid substrates (glass, PDMS and PMMA) were washed in DI water, dried in
a stream o f nitrogen and used for LbL assembly. Three precursor bilayers o f PDDA/PSS
were deposited by sequential dipping of substrates in polyelectrolyte solutions. All
polyelectrolytes were used at a concentration o f 3 mg/mL and pH 6.0. Nanoparticles were
dispersed in DI water, ultrasonicated for 30 minutes and used for LbL assembly.
Polyelectrolytes were used at a concentration o f 3 mg/mL in DI water and nanoparticles
were used at a concentration of 6 mg/mL in DI water. The deposition o f the precursor
layers was followed by the alternate adsorption o f the required number o f PSS/TiCL
bilayers with the final layer being TiCL in all cases. The entire LbL process on all the
substrates was accomplished using a dipping machine. For thickness measurements,
nanoparticles were coated on 9 MHz quartz crystal resonators according to the procedure
described above and the frequency measured after the deposition o f each layer. For WCA
measurements, the bare substrates (glass, PMMA and PDMS) were rinsed in DI water
and dried in a stream of nitrogen. Then 0.5 pL o f DI water was placed on the substrates
and the change in the WCA measured over time. After deposition o f the required number
of TiCL layers, WCA was measured for each substrate as described above.
Before plasma treatment, all substrates were rinsed in DI water and dried in a
stream of nitrogen. They were treated with oxygen plasma for lm in (300W, 6 cm3/min
oxygen) using a Techniques MicroRIE and immediately dipped in a solution o f PDDA.
The same sequence of layers, as was used for the bare substrates (non plasma treated),
was deposited. The effect o f other nanoparticle layers on the substrate wettability was
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demonstrated by the deposition o f montmorillonite, halloysite and silica nanoparticles,
alternated with PDDA (three precursor bilayers of PSS/PDDA) on glass. PSS/PAH and
PSS/PDDA thin films were deposited on bare PMMA to investigate the stability o f these
coatings under storage. The dried polyelectrolyte and nanoparticle/polyelectrolyte films
were maintained under dark conditions at room temperature for several days. The WCA
was the measured for the as-kept films.

3.7 Surface Roughness of LbL
Assembled TiO? Thin Films
A non-contact optical profiler operating in the VSI mode was used for the
measurement o f the average surface roughness (Ra) of the substrates coated with TiC>2 .
Six Ra measurements per sample were taken and 3 samples per layer number were
measured and were plotted as averages against the number o f layers o f TiC>2 deposited in
alternation with PSS. Each substrate had TiC>2 as the top most layer. The quantity Ra is
|

M

N

given by: Ra = t t t ^ E E | z &-|
M *N
1
where M and N are the number o f data points in the X and Y direction o f the array and Z
is the surface height relative to the reference plane.

3.8 Cell Culture
MSC and HDFs were maintained in Dulbecco’s Modified Eagles Medium
(DMEM) containing 10% fetal bovine serum and 1% antibiotic-antimycotic (complete
DMEM). Culture media was replaced with fresh complete DMEM every other day and
cells were allowed to grow until sufficient cell density was reached, cells were then
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trypsinized, collected by centrifugation at 1000 rpm for 5 minutes, and resuspended in
complete DMEM prior to plating on the nanoparticle coated substrates. Substrates coated
with the nanoparticles were immersed in a 75% ethanol solution and rinsed in Hank’s
balanced salt solution (HBSS). The substrates were removed from HBSS and placed in
60 mm dishes and HDFs and MSCs were seeded onto the nanoparticle coated substrates.
The dishes containing the nanoparticle coated substrates were then incubated at 37°C and

5% CO 2 and 95% air within a humidified environment.
3.8.1 Cytotoxicity
A qualitative two color cytotoxicity assay was performed to determine the
cytotoxicity of the substrates coated with nanoparticles. The substrates were incubated
with the cells for 48 hours and rinsed with sterile PBS twice and were incubated with
viability/cytoxicity reagents (LIVE/DEAD assay, Molecular Probes, USA) for 30
minutes. The cells were then visualized using a confocal fluorescence microscope.
3.8.2 Cell Number
MTT assay was performed on the cells attached on the nanoparticle thin films to
determine cell numbers. A calibration curve correlating the absorbance with the number
o f cells was obtained first. Briefly, the cells were seeded on the substrates at a density o f
6000 cells/cm2 and were incubated for 72 hours with media changes every other day. At
the end o f 72 hours, the media in the culture dishes was drained and the substrates were
removed from the culture dishes and put in fresh dishes. The cells were then incubated
with 10% MTT solution in the media for 4 hours. The culture dishes were drained o f the
MTT solution in the media and the formazan crystals that formed due to the interaction o f
the MTT solution with the cells was dissolved in acidified isopropyl alcohol. The
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absorbance of the resulting solution was read spectrophotometrically, using an Agilent
8453 UV-vis spectrometer, and correlated with the calibration curve.
3.8.3 Cell Attachment
For the cell attachment studies, the substrates (3 samples for every time period for
every layer) were seeded with equal densities and the cells were allowed to attach to the
substrate for 4, 12 and 24 hours. The substrates were then taken out, rinsed twice in PBS
and then incubated with the cytotoxicity reagents for 30 minutes. Images o f the cells on
the substrates were then taken using a Nikon digital camera mounted on a Nikon Eclipse
inverted fluorescence microscope and the cells in each image was counted to determine
the number o f cells present.
3.8.4 Scanning Electron Microscopy of
Cells on Nanoparticle Substrates
Scanning electron microscopy was used to visualize the manner o f cell attachment
and the degree o f cell spreading on the substrates. Briefly, the cells were incubated on the
substrates for 1, 4, 12 and 24 hours. The substrates were then taken out of the petridishes
and were rinsed three times with sterile PBS. The cells on the substrates were then fixed
with 2.5% gluturaldehyde in PBS for 1 hour, washed three times in PBS and incubated
with osmium tetraoxide for 1 hour. The cells on the substrates were then rinsed three
times with PBS. The cells were then dehydrated by sequential dipping in increasing
concentrations o f alcohol. The cells on the substrates were finally critical point dried, 6
nm o f gold/palladium alloy sputter coated on the substrates and the cells were visualized
using an Amray scanning electron microscope.
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3.8.5 Statistical Analysis
Mean and standard deviations (SD) were calculated for descriptive statistical
documentation. The unpaired students t-test was applied for analytical statistics.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 4

INTEGRATION OF MICROFLUIDICS AND
LAYER-BY-LAYER ASSEMBLY

4.1 Interpolyelectrolyte Complex
Microfabrication
The micro fluidic reactor system is composed of two inlet channels (1, 2), reactor
microchannel (3), and one outlet channel (4). Before the experiment, the microfluidic
system was filled with DI water. Then, each reagent solution was gently pumped into its
inlet by a KdScientific pump equipped with two syringes (5). Solutions flowing in inlet
channels converge into a single laminar stream in the reactor microchannel. S- and Ytypes o f the reactor microchannels were employed to demonstrate the fabrication o f
polyelectrolyte micro-stripes of different shape by means o f the microfluidic laminar
approach.
When two or more liquids flow in parallel at low values o f Reynolds number,
there is no turbulence at the interface between them; thus, any blurring o f the interface
between fluid streams occurs primarily due to diffusion o f particles in a transverse
direction. Laminar flow controls the spatial delivery o f two oppositely charged
polyelectrolytes within the microchannel and allows the reaction to be exclusively
conducted at theliquid/liquid interface. The width of the resulting interpolyelectrolyte
complex is determined by the diffusion o f the reagents across the interface and flow rates

44
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o f the inlet streams. Reagents with high diffusion coefficient (ions, small molecules) form
broad micropattems inside the microchannel while the reaction between high molecular
weight polyelectrolytes, proteins, DNA, etc. results in thin (about several microns)
micropattems.
PDDA and PSS inlet solutions of different concentration were used to obtain
interpolyelectrolyte micropattems inside the reactor microchannel. The Reynolds number
o f the inlet laminar streams was <1, which is far below the critical Reynolds number
(2100) at which the turbulence starts. 1 mg-mL'1 PDDA and 1 mg-mL'1 PSS solutions,
flowing at the same flow rate (0.01 mL-min'1), react at the liquid/liquid interface resulting
in a PDDA/PSS interpolyelectrolyte complex positioned precisely in the middle o f the
reactor microchannel Figure 4.1(a). Variation in the flow rates shifts the complex from
the side with the higher flow rate to the side with the lower flow rate. The experimental
results supporting the simulation o f this shift is shown in Figure 4.1 (a) and (b). A similar
phenomenon can be observed by taking the more geometrically complicated S-type
microchannel instead o f simple Y-type example. The interpolyelectrolyte complex
entirely mimics the shape of the microchannel (Figure 4.2). The only limitation o f the
channel geometry is to keep the flow o f the two streams parallel and laminar. The width
of the interpolyelectrolyte complex is mostly affected by PDDA and PSS concentrations
in the inlet solutions and can be varied from 10-20 pm (for 2 mg-mL'1 solutions or more)
to 6-8 pm (for 0.1 mg-mL'1 solutions). The ratio between the concentrations o f the
reagents in the inlet channels does not influence the width o f the resulting microstripe
while the total flow rate (within the range 0.01 - 2 mL-min'1) has a minor control over it.
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Figure 4.1. Optical micrographs o f the formation of the polyelectrolyte complex inside
the channel by varying the flow rates, (a) equal and (b) different flow rates.

Figure 4.2. Interpolyelectrolyte complex inside a ‘s’ shaped channel.

Numerical simulation o f the interpolyelectrolyte interaction inside Y-type reactor
microchannel was carried out using the CoventorWare MEMS design environment to
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determine the effect of different flow rates of both PDDA and PSS laminar streams on
the position

of PDDA/PSS

complex. The reaction between PDDA and PSS

polyelectrolytes was assumed to be a first order irreversible reaction with a high reaction
constant. The results of the simulation with the same flow rate in both inlet channels
showed the formation o f the interpolyelectrolyte complex in the center of the reactor
microchannel, while differing flow rates shift the complex towards the side with the
lower flow rate stream (as explained in the experimental section). This can be attributed
to the volume of the fluid flowing in the channel. As the flow rate o f one stream
increases, the volume of the channel occupied by this fluid also increases resulting in the
pushing o f the diffusion zone towards the lower flow rate side. PDDA/PSS complex
formation at different inlet flow rates (0.05 mL-min'1 PDDA, 0.01 mL-min'1 PSS)
confirms the simulation results. Increasing the flow rate in one channel by five times
moves the liquid/liquid interface in the direction o f the low flow rate stream. Thus, the
flow rate ratio between inlet streams is an easy and powerful parameter for adjusting the
position o f interpolyelectrolyte micropattem in the reactor microchannel.
Confocal fluorescence microscopy and atomic force microscopy (AFM) were
utilized to analyze the inner structure o f the PDDA/PSS polyelectrolyte complex. Figure
4.3 (a-c) represents a typical confocal florescent image o f the PDDA/PSS complex
formed from 1 mg-mL'1 initial inlet solutions o f two polyelectrolytes. PDDA was labeled
with fluorescein isothiocyanate and PSS with tetramethyl rhodamine isothiocyanate. The
interpolyelectrolyte pattern has fibrous, dendrimeric structure with lots o f agglomerates
and regions of different width. The distribution o f both polyelectrolytes inside the
interpolyelectrolyte complex is homogeneous, as seen from the true color overlay image

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

o f two labeled polyelectrolytes (Figure 4.3(c)). AFM analysis (Figure 4.3(d)) o f dried
PDDA/PSS micropattem indicates that the interpolyelectrolyte complex is composed o f
c.a. 100-400 nm agglomerates. At lower magnification, large micron-sized agglomerates
are also seen.
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Figure 4.3. (a,b,c) Confocal fluorescence microscopy and (d) atomic force microscopy
images of the PDDA/PSS interpolyelectrolyte complex synthesized in the channel
microreactor.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

49
A flow rate variation can be performed during the reaction to control the position
o f the interpolyelectrolyte microarrays on the glass support with 5 pm resolution. The
results o f the interplay at different flow rates in the two inlets show that the interface of
the interpolyelectrolyte complex shifts towards the side with the lower flow rate (Figure
4.4). Fluorescence microscopy visualized the resulting PDDA/PSS micropattem on the
glass slide (Figure 4.5), where 20 pm labeled PDDA/PSS stripes are separated by 20 pm
gaps. A wide central microstripe was obtained at 1:1 flow ratio and 2 min of reaction
time. Then, the flow ratio was changed in-situ to 1:1.8 and 1.8:1 (lower and upper
microstripes, 40 sec reaction time for each microstripe). The width and geometry of the
interpolyelectrolyte micropattems are governed by the microchannel geometry, total flow
rate (which determines reaction time), and concentration o f the reagents in the inlet
channels. By introducing more than two polyelectrolytes in the reactor microchannel
(adding more inlet channels), one can form complex interpolyelectrolyte micropattems
with diverse polymer compositions.
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Figure 4.4. Numerical simulation o f PDDA - PSS interaction inside channel microreactor.
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Figure 4.5. Confocal fluorescent image of PDDA/PSS micropattem on glass support.
PDDA was labelled with fluorescein isothiocyanate.

4.2 Polvelectrolvte/Ion Complex
Microfabrication
Contrary to the PDDA/PSS complex, the reaction between polyelectrolyte (PAH,
1 mg-mL'1 solution) and ions (citrate ions, 1 mg-mL'1 solution) leads to the diffusive
broadening of the polyelectrolyte complex inside the reactor microchannel and formation
of a wide, 50 pm pattern (Figure 4.6). Presumably, this is caused by the considerable
difference in diffusion coefficients o f citrate ions (~10'5 cm2-s'1) and poly(allylamine
hydrochloride) molecules (~10‘7 cm2-s'1). The more mobile citrate ions deeply penetrate
into the PAH solution, thus increasing the reaction area. This explanation o f the
anomalously broad PAH/citrate micropattem is also confirmed by numerical modeling
using the CoventorWare simulation environment. The simulation revealed that the
diffusion of the reagents, if their diffusion coefficients are significantly different from the
each other, results in the formation o f a skewed “conical” complex (Figure 4.6). Hence,
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the more mobile component of the polyelectrolyte structure significantly increases the
width of the microstripes and, as a consequence, decreases their spatial resolution.

Figure 4.6. Optical image o f PAH/Citrate micropattem on glass support.

Confocal fluorescence microscopy analysis o f PAH/citrate micropattems (Figure
4.7) shows a different inner stmcture o f PAH/citrate complex as compared to
PDDA/PSS. The PAH/citrate microstripe is homogeneous and uniform without any
distinct features like the blobs and fibers observed for the PDDA/PSS complex. Similar
homogeneity was observed for the PAH/citrate complex fabricated in the S-type reactor
microchannel (Figure 4.8). AFM images o f dried PAH/citrate micropattem also verified
the even distribution o f polyelectrolyte molecules throughout. Dried PAH/citrate complex
has a smooth morphology with a small number o f 500-800 nm agglomerates which most
likely formed while preparing the micropattem for AFM analysis (Figure 4.9). The
regular stmcture o f PAH/citrate micropattem can be explained by the high mobility o f
*
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citrate ions. Being formed at the first contact of two laminar streams, the initial
polyelectrolyte complex is highly permeable for citrate ions, which can deeply penetrate
inside the PAH stream and reacting with polyelectrolyte molecules. This caused the
broadening and homogeneity o f the PAH/citrate micropattem whereas PSS or PDDA
molecules hardly penetrate the PDDA/PSS layer and form a fibrous and more irregular
structured complex.

8 0 .0 0 M"i

?0.00 nm

Figure 4.7. Fluorescence microscopy images o f PAH/citrate complex fabricated in Y-type
micro-reactor.
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Figure 4.8. Fluorescence microscopy images o f PAH/citrate complex fabricated in S-type
micro-reactor.

Figure 4.9. Atomic force microscopy image o f PAH/citrate micropattem deposited onto
glass support.
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4.3 Polyelectrolyte/Protein
Complex Microfabrication
Formation of a polyelectrolyte/protein micropattem in the fluidic microreactor
was accomplished on a sample o f PDDA/BSA complex. Polyelectrolyte/protein
microarrays are of interest as components o f biosensors, cell microenvironment, blood
purification systems, etc. The use o f BSA as the inlet reagent (1 mg-mL'1 solution)
instead o f PSS, results in the formation o f PDDA/BSA complex in the channel
microreactor. The width of this polyelectrolyte/protein pattern, as illustrated in the
fluorescent image in Figure 4.10 (a), is about 15 jttm. The polyelectrolyte/protein
micro structure is globular and agglomerated. Similar effects o f flow rate ratio and initial
inlet concentration, previously observed for the interpolyelectrolyte complex, were also
found for the PDDA/BSA protein complex. The width o f the micropattem can be
adjusted by the initial concentration o f the reagents while the position o f the micropattem
can be varied by changing the flow rate ratio.
AFM studies of the PDDA/BSA complex confirmed its inner globular stmcture,
(Figure 4.10 (b)). Large 300 nm globules and smaller 50-100 nm globules can be
identified. Large globules, previously observed for both PDDA/PSS and, (but less
pronounced), PAH/citrate micropattems, appeared during sample preparation for AFM
analysis while small 50 nm globules represent the globular stmcture o f BSA
aggregates113. Protein globules could be incorporated into the polyelectrolyte matrix
forming the so-called host-guest stmcture. Hence, by the laminar flow microfabrication
approach, it is possible to obtain microengineered globular polyelectrolyte/protein
microarrays of predetermined position and width.
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Figure 4.10. Confocal fluorescence (a) and atomic force microscopy (b) images o f the
PDDA/BSA micropattem. PDDA was labeled with FITC. Inlet flow rate was 0.01
mL*min-l in both inlet channels; initial concentration o f PDDA and BSA 0.1 mg*mL-l.
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4.4 Effect of Electric Field on the Position
of the Polyelectrolyte Complex
As described previously, the main parameter controlling the position of the
polyelectrolyte complex in the channel microreactor is the flow rate ratio between two
reagent streams. At the same time, the place o f the polyelectrolyte complex inside the
channel microreactor can be regulated by applying an electric field to facilitate
electrophoretic movement of oppositely charged polyions in the transverse direction. A
microfluidic reactor, specially modified to perform experiments in an electric field, is
represented in Figure 4.11(a). Gold electrode micropattems were brought to each side of
the microchannel and exposed to the solution to assure electrolyte contact. Electrode
potential was set with a conventional power supply (Topward Electric Instruments Co.,
USA). Maximum potential value was +0.8 V or -0.4 V vs. SCE to prevent undesirable
redox processes: H 2 and O 2 evolving as well as electrode corrosion. Applying either a
positive potential to the electrode pattern placed in the polycation stream (PAH, 1 mg/ml
solution) or negative potential to the electrode in polyanion stream (PSS, 1 mg/ml
solution) results in the shifting o f the interpolyelectrolyte complex from the center o f the
channel

towards

the

side

with

the

applied

potential

(Figure

4.11(b)).

The

interpolyelectrolyte microstripe has an inclined geometry in the channel microreactor.
The slope depends on the value o f the applied potential and flow rate o f the reagents. It
can be increased at higher potential or lower flow rate. Switching the polarity o f the
electrodes during the complex formation leads to its gradual movement to the other side
o f the reactor and formation o f a smeared cone with the apex at the converge point
(Figure 4.11(c)). Microstripes o f more complicated geometry can be obtained by
applying an electric potential o f alternated value at different parts o f the channel
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microreactor. Employing a positive (+0.8 V) - zero - positive (+0.8 V) potential order
along the channel microreactor leads to bending the interpolyelectrolyte microstripe
(Figure 4.11 (d)). At first, the microstripe forms at one side o f the microreactor, then,
while reagent streams enter another, reversed potential region, it goes to the center o f the
channel.

Figure 4.11. Effect of electric field on the position of the interpolyelectrolyte complex
formed in the channel.

Confocal

fluorescence

microscopy

analysis

of

the

interpolyelectrolyte

microstripes revealed homogeneous distribution o f both polyelectrolytes throughout the
whole volume o f the microstripe, as was observed for interpolyelectrolyte complex
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formed without applying electric field. Observed shift of microstripe position in the
microreactor can be due to the attraction of polyions from their laminar stream to the
oppositely charged electrode, which, as a consequence, leads to a sliding reaction
interface in transverse direction and adding a migration component to the diffusion of the
polyelectrolytes across the interface. A continuous slope rather than the sharp shift o f the
microstripe position, is caused by the superposition of the parallel laminar stream and
perpendicular electric field migration o f polyions.

4.5 pH Sensitive Channels
The microchannels were made sensitive to pH by layering the pH sensitive
material (HPTS). PDDA-HPTS and PSS solutions were made in sodium acetate buffer at
pH 5. Seven bi-layers o f PDDA-HPTS and PSS were coated inside the channel. With a
final layer o f PDDA-HPTS. This was achieved by electrostatic layer-by-layer assembly.
HPTS is a fluorescent pH indicator. By covering the inside o f the channel with such
material, biological/chemical reactions can be carried out inside the channel and the pH
in different points can be estimated by monitoring the fluorescent intensity change o f the
pH sensitive material (HPTS). In Figure 4.12, a channel prepared by layer-by-layer
assembly is shown, and shows a higher fluorescent intensity at pH 10 and lower intensity
at pH 4. The solution with pH 10 was pumped from the lower inlet channel and the
solution with pH 4 was pumped from the upper channel. The inlet channel in the middle
was sealed. The line scan o f the variation in intensity is shown in Figure 4.13.
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Figure 4.12. Confocal fluorescence image o f the pH sensitive channel showing different
fluorescent intensities in different regions o f the same channel.
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Figure 4.13. The line scan as a function o f distance across the channel.
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4.6 Selective Modification of Microparticles
inside the Channel
Observed micron scale resolution in the patterns offers the possibility to employ
a microfluidic approach for anisotropic modification of polyelectrolyte microcapsules
and imparting them with advanced release and protection abilities114. Hollow
polyelectrolyte capsules have semipermeable properties and, depending on the pH or
ionic strength of the solution, can release or retain encapsulated material. Modifying
part o f the capsule wall can result in the fabrication o f a unique microcapsule with
anisotropic shell permeability.
To validate the microfluidic method for selected shell modification, initial
Rhodamine-labeled melamine formaldehyde template microparticles were adsorbed
inside the reactor microchannel prior to passing polyelectrolyte solution. Then, in one
inlet channel FITC-labeled dextran (Mw~10000, 1 mg-mL'1 solution) was introduced
while the other inlet channel was filled with distilled water. Selected deposition o f
labeled dextran macromolecules on one half o f the template microparticles fixed in the
center of the channel microreactor was elaborated (Figure 4.14). Microparticles placed
inside laminar streams were either completely covered with dextran or remained
unmodified. Therefore, the microfluidic approach allows formation o f micropattems
not only on the flat substrates, but also on the spherical shell o f the microcapsules
thereby changing its properties with spatial resolution.
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Figure 4.14. (a) Schematic view o f anisotropic micropatteming o f Rhodamine-labeled
microparticles with fluorescein-labeled dextran macromolecules, (b) confocal
fluorescent image and (c) overlaid fluorescent image o f resulting
anisotropic microparticles.
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4.7 Conclusion
The laminar flow microfabrication approach was employed to synthesize different
polyelectrolyte

complexes

at

ambient

conditions.

Filament

like

15

jum

interpolyelectrolyte poly(dimethyldiallylammonium chloride)/poly(styrene sulfonate),
homogeneous and uniform 50 /xm poly(allylamine hydrochloride)/citrate, and 20 /xm
globular poly(dimethyldiallylammonium chloride)/bovine serum albumin micropattems
were formed. Multiphase laminar flow microfabrication offers a large flexibility for
producing 5-10 /xm micropattems containing unstable and sensitive biological objects on
the surface of any appropriate substrate (i.e. glass, polyimide, silicon). Theoretical
simulation

of

the

polyelectrolyte

complex

formation,

which

was

confirmed

experimentally, revealed that the flow rate and the diffusion coefficient o f the reagents
are the main parameters controlling the width o f the micropattems and their position in
the channel microreactor. This simple deposition procedure makes it possible to obtain 510 /xm wide strips o f proteins in complex with linear polyions on a flat surface. By
varying the microchannel structure and flow rate o f the reagents, it is possible to fabricate
microarrays o f different geometry, resolution, thickness, and composition. An electric
field applied in transverse direction to the laminar flow can also be used to adjust the
position o f the polyelectrolyte complex and form more geometrically complicated
polyelectrolyte micropattems. Micropattemed polyelectrolyte structures, obtained by the
microfluidic approach, can be utilized as selective bio- (enzymatic) microreactors,
components of sensor circuits, and conductive bioimplants. pH sensitive microchannels
are important when working with biological fluids like a cell suspension. The pH at a
certain point in the channel may be connected with cell behavior. The demonstrated
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microfabrication procedure can be especially useful in handling delicate and sensitive
formulations and fabrication of bioactive microarrays. Selected deposition of labelled
dextran macromolecules on one half of the microparticles fixed in the microreactor
channel was also elaborated. The resulting micropattemed bioconjugated structures can
be utilized as sensoric layers, selective bio- (enzymatic-) microreactors, components o f
micron scale bioimplants, and polyelectrolyte arrays. The application of cells,
microcapsules, and blood platelets in assembling both micron-resolved microarrays and
anisotropic modification by microfluidic approach is currently under investigation.
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CHAPTER 5

INTEGRATION OF MICROFABRICATION
AND LAYER-BY-LAYER ASSEMBLY

The goal of this study is twofold.

First, we focused on assembly o f ultrathin

(thickness about 70 nm) SA-LbL films on an array o f microfabricated openings arranged
in a 4x4 square pattern on a silicon substrate. We demonstrated that, in fact, robust freely
suspended 2-D nanomembrane microarrays can be assembled and an interference optical
read-out scheme can be applied for concurrent monitoring o f the collective deflection
behavior o f 16 different circular nanomembranes under external hydrostatic pressure.
Towards this end, we found that at any given pressure one can collect multiple
independent data sets for deflecting membranes o f the same diameter and therefore,
significantly improving experimental statistics.

Second, within this array we design

columns having openings with variable diameters to implement a simple but efficient
version of the combinatorial approach115,116 for reliable and fast screening o f
nanomembrane properties under a range o f conditions. Moreover, it provides a means for
the concurrent study o f the collective deformational behavior o f membranes with four
different diameters, thus addressing their scale-dependent properties.
A detailed description o f similar SA-LbL film formation, internal microstructure,
79

and transfer routines has been already reported . The overall thickness o f 11G11
membrane was 68 nm and the surface microroughness within a l x l m 2 area was

64
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below 10 nm, which are typical values for similar SA LbL films.
nanoparticles

was

encapsulated

into

the

nanomembrane

to

A layer o f gold
enhance

their

micromechanical properties (Figure 5.1). The 4 X4 array o f circular openings contains
four rows of openings with a constant diameter combined with four columns o f openings
with variable diameters (200, 100, 75, and 50 jtm) (Figure 5.2). The LbL membrane
transferred onto the 4x4 array covered all openings uniformly resulting in a light green
color caused by light reflection from the gold nanoparticles with strong surface plasmon
resonance (Figure 5.3).

Figure 5.1. Schematic of the multilayer nanomembrane covering openings in
the array o f microfabricated device.
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Figure 5.2. SEM image o f a silicon substrate with gradient opening arrays,
scale bar is 200 |im.

Figure 5.3. Optical image o f the o f 4x4 array covered with LbL fdm.
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5.1 Interformetric Imaging of the
Free Standing Thin Films
Figure 5.4 shows the interferometry pattern of a deflected LbL nanomembrane
array under an external pressure differential o f 1266 Pa (both positive and negative
pressures applied produced similar results as demonstrated earlier). Uniform concentric
Newton’s rings observed for each opening were similar for all membranes with the same
diameter which indicated consistent membrane deflections but different for vertical

Figure 5.4. The interference pattern o f the nanomembrane array under the
pressure differential o f 1266 Pa.

Further quantitative analysis was done by converting these interference patterns
obtained under different pressures to pressure-deflection plots and deriving the elastic
modulus and residual stress, as described in detail earlier (Figure 5.5). The elastic
modulus of 11G11 nanomembranes deposited across 200 |im was 5.3 ±0.4 GPa and the
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residual stress was 16.5±1.5 MPa (Table 5.1). The elastic modulus for this membrane
was slightly lower than that of 9G9 membranes studied before due to a lower volume
fraction o f gold nanoparticles providing fdm toughening.

However, unlike previous

measurements on a single opening, the application o f the micropattemed array allows the
generation of four independent pressure-deflection plots in one run (Figure 5.6). This
approach significantly improves the quality o f measurements and provides a reliable
determination of the elastic modulus by avoiding uncertainties related to film transfer and
testing under slightly different conditions.

In fact, the standard deviation o f current

measurements was within ±10% which is much lower than the typical value of ±30%
reported earlier for consequential measurements.
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Figure 5.5. Deflection-pressure data for freely-suspended nanomembranes
with different diameters.
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Table 5.1. Elastic modulus and residual stress of 11G11
Nanomembranes of different size.

Membrane Diameter

Elastic modulus

Residual stress

(|im)

(GPa)

(MPa)

200

5.3±0.4

16.5±1.5

100

5.6±0.2

11.7±0.8

75

6.3±1.0

12.5±1.3

50

6.8±1.2

9.3±1.1

CD 1.0

O

averge
fit

400

800

1200

1600

Pressure (Pa)

Figure 5.6. Four independent deflection-pressure sets o f data (columns) obtained
simultaneously for freely suspended nanomembranes with identical diameters along with
the average behavior (solid line). The labels correspond to the membranes over different
openings, as shown in Figure 5.4.

On the other hand, the systematically changed opening diameters in the columns
allows us to address the question o f the scale-dependency of the micromechanical
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properties of compliant freely-suspended membranes which is critical for prospective
sensor arrays with variable micropattemed dimensions. Indeed, deflection-pressure data
for the membranes with smaller diameters showed an unexpected but consistent increase
in the stiffness well beyond the statistical deviation. The largest elastic modulus reached
6.8 GPa for the smallest membranes, almost 30% increase (Table 5.1). This increase
which, was not observed before in separated measurements, can be related to the reduced
chance o f having “weak” points within membranes which compromise the elastic
properties.

5.2. Point Load Experiments on
Free Standing Films
As an alternative way to determine the effective bending rigidity of the
membranes as a function o f the membrane diameter, we applied a point-load experiment
with a colloidal-probe AFM (Figure 5.7). Unlike deflection-pressure experiments which
exploited the membrane regime with predominant tensile stresses, the point-load
approach is limited to very small deformations (tens of nanometers instead o f microns)
allows for studying the bending regime and directly deriving the bending rigidity, as
discussed in detail previously. By repeating this probing for membranes with different
diameters, one can address the question o f the scale dependency o f the membrane
flexibility.

In fact, we observed a significant decrease o f the membrane deflection

achievable under fixed normal load for membranes with smaller diameters. The normal
load o f 70 nN resulted in elastic deflection o f 50 nm for the largest membrane which
decreased to 37 nm for the smallest membrane (Figure 5.8).

Correspondingly, the

bending rigidity, B, increased from 1.4 N/m to 1.9 N/m (Figure 5.9).
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i'fP*

Figure 5.7. Optical micrograph of point-load experiment with the AFM tip
pointing at one o f the membrane.
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Figure 5.8. The deflection of nanomembranes with different diameters tested with
the colloidal AFM probe under the applied force o f 70 nN as a function of
the membrane diameter.
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Figure 5.9. The bending rigidity o f the nanomembranes as a function o f the membrane
diameter and the theoretical prediction of elastic membrane deformation (solid line).

Although an increasing bending rigidity for free-suspended membranes with
decreasing diameter, D, is expected, the observed variation is very different from that
predicted for a uniform load: B ~ D"4. Therefore, we consider the scale-dependent
variation prediction by an alternative model with a normal load applied to a small surface
area118. This model predicts the membrane deflection under a central point-load for
circular shapes and is given by:
d(r) =

( 1)

where d(r) is the membrane deflection at the location with distance from the center r, P0
is the applied load, h is the film thickness, and Go is the residual stress.
Since the nanomembranes were extremely thin (less than 100 nm) as compared to
their diameter, the bending stiffness o f the membrane, which is defined as Eh3/12(l-v2),
was relatively small. By fitting experimental data from deflection under fixed normal
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load (Figure 5.8), a residual stress o f 20 MPa was obtained for all membranes, which is
close to that measured independently at large deflections (Table 5.1). More over, from
this fit the value r, which is characteristic o f the radius o f the point load was determined
as 0.25 pm, which is close to the radius o f the contact area below 0.1 pm estimated with
the Hertzian model119.

Finally, by applying eq. (1) to experimental data d(P) and

applying the uniform residual stress o f 20 MPa, the scale-dependent bending rigidity was
calculated and compared with the experimental data (Figure 5.9). It is clear from this
comparison, that the point load model with realistic loading parameters describes the
scale-dependent behavior of compliant membranes with diameters as small as 50 pm.
This model predicts the increasing bending rigidity B~[ln ( D ) ] 1which is in fact observed
in our experiments and is much less dramatic than that for the uniform pressure load.
In conclusion, we assembled the 4x4 gradient array o f freely-suspended ultrathin
LbL nanomembranes and demonstrated its applicability for concurrent monitoring o f
collective deflection behavior o f 16 circular nanomembranes under external hydrostatic
pressure with microscopic interferometry. The gradient array designed with a variable
diameter o f openings in one direction provided a means for efficient and fast screening o f
scale-dependent membrane properties as well. By using this approach, we significantly
improved experimental statistics and found a modest increase in the elastic modulus with
decreasing membrane diameter. And, finally, we observed scale-dependent behavior of
the bending rigidity with a slow, logarithmic increase with decreasing membrane
diameter. This behavior is described by the model for bending elastic membranes under
point-load with realistic loading characteristics close to the experimental conditions of
colloidal probe AFM testing.
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CHAPTER 6

LBL ASSEMBLED HYDROPHILIC
COATINGS

One of the interesting applications of LbL in the past has been the formation of
hydrophilic/hydrophobic coating using multilayer polymeric coating described by Rubner
et al89,90. They detailed the fabrication o f various polymeric layers for the formation o f
the hydrophilic coating and showed that the outermost layer determines the contact angle
o f water with the surface. In another study, the formation o f hydrophobic coatings using
polymers was detailed90. The effect o f acid treatment on the contact angle o f the
polymeric coatings was discussed and they showed that superhydrophobic coatings were
achieved. Many researchers in the past have shown the formation o f superhydrophilic
films by coating a thin layer of TiC>2 (various techniques have been used) and subsequent
•
79 80 83
treatment with UV light
’ ’ . Here, we will show the formation o f thin films o f TiC>2

nanoparticles (using LbL) and their effect on the wettability o f three substrates with
different initial water contact angles.

6.1 Thickness of Polvelectrolvte/TiO-> films
The surface charge of the TiC>2 nanoparticles dispersed in water at pH ~ 4.5 was
determined to be positive. Therefore, PSS, a strong anionic polyelectrolyte, was used for
alternation with these nanoparticles. Figure 6.1 shows the change in film thickness with
74
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respect to the number of layers deposited on a QCM resonator. The thickness o f three
PDDA/PSS precursor bilayers was approximately 5 nm. A linear increase in the film
thickness with the adsorption o f TiC^/PSS bilayers was observed. The average growth
step for a TiC^/PSS bilayer was 11 ± 1 nm which is an efficient thickness corresponding
to the mean border of the layer. This thickness is approximately two times less than the
diameter o f the TiC>2 spheres (21 ± 4 nm) which gives a dense packing coefficient of
11/21 ~ 0.52. A theoretical value for packing coefficient of solid spheres is 0.52 for cubic
and 0.63 for hexagonal packing. The nanoparticles form a well packed layer and the next
layer o f nanoparticles is deposited mostly on top o f the previously deposited layer. We
may design such a nano-coating on any solid surface with a thickness proportional to the
11 nm growth step, and we will work mostly with a five bilayer coating (PDDA/PSS)*3
+ (TiC>2/PSS)*5 composition and 60 nm thickness.
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Figure 6.1. Film thickness as a function o f deposited Ti02 layers.

In Figure 6.2 one can see a scanning electron microscopy image o f the PSS/TiCh
multilayer cross-section.

It is a dense packed film o f 21 ± 4 nm nanoparticles with

surface roughness 3-4 times more than the diameter o f the nanoparticles, and the
characteristic dimension of the nanoparticle aggregates on the surface is o f 50-60 nm. We
did not optimize the surface roughness o f the TiCh particle coatings, which may be an
additional parameter for the optimization of such a coating.
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Figure 6.2, Scanning electron micrograph o f (PDDA/PSS)3 +(Ti02/PSS) multilayer
cross-section on a silver electrode. The particle diameter is ca 21 nm (Hitachi S-900
SEM operating at 25 kV; the sample is coated with 2 nm o f Pt).

6.2 Optical Properties o f PSS/TiO? Films
The optical density of precursor, (PDDA/PSS)*3, films at wavelengths higher
than 250 nm is very low with a small maximum at 230 nm due to the phenol ring o f PSS
(Figure 6.3). The deposition of a TiC>2 layer strongly increases the absorbance o f the films
with a broad maximum at A, = 280 - 350 nm, while introducing a long tail o f absorption in
the visible range. The PSS layer gives small 230 nm peak in the film spectrum.
Therefore, we can assume that the spectrum observed in the near UV and visible ranges
can be attributed to the multilayer o f TiC>2 nanoparticles assembled with PSS.
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Figure 6.3. UV-vis absorbance with increasing number o f layers o f TiCh.

6.3 Wettability of PSS/TiO? Multilayer
Coatings on Different Substrates
Figure 6.4 shows the behavior o f a water drop while measuring the water contact
angle (WCA) values. A continuous decrease in the contact angle with time (in minutes) is
observed. The values measured 90s after the drop is placed on the sample surface are
used in the discussions that follow. Three substrates (glass, PMMA and PDMS) with
different

hydrophilic

properties

were

utilized

as

templates

for

polyelectrolyte/nanoparticle deposition. Contact angles for bare glass, PMMA and PDMS
were measured to be 35°, 75°, 105° respectively. These values closely correspond to
these reported properties for the substrates. The deposition o f precursor polyelectrolyte
layers slightly decreases the WCA o f the surfaces, as measured immediately after
deposition, but the layers do not retain low WCA during storage. The contact angle
changes with the deposition o f each TiC^/PSS bilayer. It is strongly affected by the
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template material used, but finally after deposition of 2 to 20 bilayers we reached a
complete wettability: WCA = 0°. Let us analyze the modification for glass, PMMA, and
PDMS surfaces:
Glass: The WCA value after deposition of one layer o f TiC>2 on top of
(PDDA/PSS)*3 precursor was found to be 20°, a decrease o f 15° as compared with bare
glass surfaces, and dropped to 0° after deposition o f the second TiCh layer (Figure 6.4).
Further addition of TiC>2 layers did not change the WCA. Oxygen plasma treatment o f
glass did not have any effect on the hydrophilicity o f the surfaces (WCA remained 0°).
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Figure 6.4. Water contact angle measurements on glass with the deposition o f different
number o f layers o f TiC>2 .

PMMA: For the case o f PMMA, the WCA was observed to be about 45° after the
deposition of precursor layers and one TiC>2 layer. It corresponds to a 30° decrease as
compared to the bare PMMA. The WCA gradually decreased with increasing number o f
TiC>2 layers and a value of 0° was achieved after deposition o f five TiC>2 layers (Figure
6.5).
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This procedure was improved when we made preliminary plasma treatment before
the LbL assembly. It is known that oxygen plasma treatment provides charge on the
plastic surface which improves adhesion o f the first polycation layer

120
. Immediately after

treatment with oxygen plasma the contact angle o f the PMMA surface reduced to about
30°. This decrease is temporary and the WCA increases with time. The deposition o f one
layer o f T i0 2 on plasma treated PMMA did not change the WCA (the value is about 30°).
In this case, zero contact angle was observed after deposition o f only two PSS/Ti02
bilayers.
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Figure 6.5. Water contact angle measurements on PMMA with the deposition
o f different number o f layers o f T i0 2.

PDMS: The wettability o f PSS/T i02 nanoparticle coating on PDMS was
examined for the surfaces obtained directly after curing and also for those exposed to
oxygen plasma. In both cases, the WCA changes more slowly with an increasing number
of T i02 layers as compared to glass and PMMA templates. After deposition o f 5 layers of
Ti02 alternated with PSS on non-treated PDMS, the WCA was only 45° and finally
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reaches 0° after 20 alternations of TiCh with PSS (Figure 6.6). Oxygen plasma treatment
o f the PDMS surface changes the functional groups

121

on the surface and renders it

hydrophilic (WCA after plasma treatment is less than 5°) for a brief period of time 122 .
*

Figure 6.7 shows the contact angles measured on the three substrates after 90 seconds
after the water drop was placed. The WCA after deposition o f precursor layers and one
layer o f Ti02 on plasma treated PDMS was measured to be 32° and decreased as the
number o f Ti02 layers increased, finally reaching 0° after 5 layers o f Ti02 (Figure 6.8).
Further deposition of PSS/TiCh layers does not change film wettability. Coating PSS on
top o f TiC>2 did not change the water contact angle obtained for the previous layer.
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Figure 6.6. Water contact angle measurements on PDMS with the deposition
of different number o f layers o f TiC>2 .
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Figure 6.7. Water contact angle of glass, PMMA and PDMS substrates after coating with
different number of PSS/TiCh bilayers without plasma treatment o f the substrates.
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Figure 6.8. Water contact angle o f PMMA and PDMS substrates after coating with
different number of PSS/TiCh bilayers with plasma treatment o f the substrates.

Figure 6.9 depicts the variation in contact angle, over time in days, for stored
PMMA surfaces that were subjected to different treatments. Oxygen plasma treatment
significantly lowers the WCA of the PMMA surface for a brief period, but increases to
40° after 1 day and finally stabilizing at about 50° after several days. Coating PMMA
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with different polyelectrolyte combinations alone also shows an initial decrease in the
WCA value but eventually increasing to an angle of 60-70° after 6 days. Conversely,
PMMA surfaces coated with 5 layers o f TiCL alternated with PSS show a stable contact
angle o f 0° from the time of deposition to the 6th day. These results show that PSS/Ti02
films have longer lasting hydrophilic properties than PSS/PDDA or PSS/PAH films, i.e.
we have the ultimate hydrophilic coating (super-hydrophilicity).
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Figure 6.9. Change in water contact angle for various coatings on PMMA during storage;
treatment was performed on the first day.

6.4 Effect of Different Types of Nanoparticles
on Wettability of LbL Coating
Wettability o f thin films assembled via LbL technique from nanoparticles o f
different shapes and sizes was investigated to determine if super-hydrophilicity can be
introduced into the films by LbL assembly alone and without considering the
photosensitive properties of the nanoparticles used. We made multilayer coating of two
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types o f clays (cylindrical and flat) and 8 ± 1 nm diameter spherical silica multilayer with
total thickness from 5 to 200 nm. Table 6.1 illustrates the fact that zero contact angle was
not reached for these samples, and super-hydrophilicity is unique for thin films based on
TiCk nanoparticles. Most likely, it is related to T i0 2 photo-electric properties. The
contact angle for LbL assembled PSS/Ti02 films reaches 0° after deposition o f two layers
of TiC>2 particles on glass. Contact angles of 14°, 22.5° and 27° were measured for silica,
halloysite and montmorillonite coated glass surfaces, respectively.

Table 6.1. Comparison o f contact angles o f different nanoparticles coated on glass
substrates.

T i0 2

Polyelectrolyte
for alternation
PSS

No. of
layers
2

Contact angle,
degrees
0

Halloysite

PDDA

4

22.5

Montmorillonite

PDDA

4

27.0

Silica

PDDA

4

14.0

Nanoparticles

6.5 Biocompatibilitv of TiO?
Coated Substrates
As shown in Figures 6.10 - 6.12, fibroblast cells attached very well to all three
substrates that were coated with PSS/Ti02 films and displayed the typical fibroblast
morphology (long spindle shaped cells with pseudopodia). The pattern of cell attachment
showed that T i02 nanoparticle coated substrates are suitable for cell culture while non
coated plastic is not biocompatible. However, further studies are needed for verification
of optimal attachment, proliferation, morphology and phenotype determination, which
will be discussed in a separate publication. Other research groups, working on

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

85

nanoparticle coatings for cell culture, have shown attachment o f cells to CdTe
nanoparticle films only after coating them with collagen123. The authors believe that the
cell culture work reported here is the first such instance where successful attachment of
cells directly on nanoparticle coated (LbL) substrates was observed.

Figure 6.10. Cell culture o f human dermal fibroblasts on glass.

Figure 6.11. Cell culture o f human dermal fibroblasts on PMMA.
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Figure 6.12. Cell culture o f human dermal fibroblasts on PDMS.

6.6 Conclusion
It can be concluded from Figure 6.7 that the physical characteristics o f the
substrate strongly influence development o f a hydrophilic TiC>2 coating. A higher number
o f T i0 2/PSS alternations are required to obtain a zero water contact angle on as-prepared
surfaces o f hydrophobic substrates (PMMA and PDMS) independent o f the fact that
(PDDA/PSS)*3 precursor films were pre-deposited on all the templates to prevent the
influence o f substrate properties on the build-up o f the TiOa/PSS films. It is known that
that LbL assembly initially takes place on the substrates only on a few charged surface
patches124 and then T i0 2 particles, step-by-step, fill the space between them. The
treatment of PMMA and PDMS with oxygen plasma, results in the formation of charged
functional groups128’48 on their surfaces, which significantly enhances LbL assembly on
these surfaces which results in faster formation o f complete TiC^-based films.
Another effect is the appearance o f superhydrophilicity o f Ti02/PSS layers in the
absence of UV illumination. The adsorption o f different dopants can significantly change
the properties of Ti02-based photocatalysts

19S
. Spectra o f TiCF nanoparticle suspensions

experience a strong red shift when phosphate, sulfate, carboxylate ions and certain other
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additives are present in the mixture126. These additives significantly improve sensitivity
of TiC>2 catalysts to UV and visible light. Moreover, it has been shown that coatings
consisting o f smaller nanoparticles (10-30 nm) or having greater roughness show higher
photocatalytic activity than bulk films prepared from the same parent material, which is a
result of a larger active surface area127. Polyelectrolyte/TiCh LbL films can be considered
to be a network of nanoparticles separated by chains o f oppositely charged
polyelectrolyte which simultaneously keeps the film from disintegrating. The sizedependant permeability of LbL films makes the high surface area o f nanoparticles
accessible for substances with molecular weight less than a few thousand128. The superhydrophilicity o f TiC>2 is usually ascribed to the chemosorption o f water molecules on
photoinduced surface defects129. We assume that PSS, which has been shown to have
hole scavenging properties due to a negatively charged sulfate group and a hydrophobic
phenol ring130, can provide additional stability to the Ti3+ sites associated with the highly
photoinduced hydrophilicity o f TiCb surfaces56. Moreover, the strong influence of
preparation methods on the properties o f films with similar composition has been recently
reported131. The presence o f hydroxyl groups (introduced during the preparation) and
high photocatalytic activity o f Degussa P-25 can cause the absorption o f UV and visible
light present in room light and forms a hydrophilic layer. It can be seen that the observed
hydrophilic properties o f PSS/TiCb films can be a result o f the cooperative action of
several different factors including size, structure, component composition and method of
preparation.
Stable, long lasting super-hydrophilic coatings with zero contact angle can be
obtained on different types of substrates using LbL assembly o f TiC>2 nanoparticles. The
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complete wettability was shown to be unique to poly(styrenesulfonate) - T i0 2
nanocomposite films. The biocompatibility o f the T i0 2 coated surfaces was proven by the
successful cell culture of human dermal fibroblast cells on T i0 2 - polyanion multilayers.
The super-hydrophilicity and biocompatibility o f the T i0 2 nanoparticle coatings provides
a new method for surface modification using nanoparticle coatings for applications
involving cell and tissue culture on various substrates, including medical implants.
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CHAPTER 7

INTEGRATION OF LAYER-BY-LAYER
ASSEMBLY AND CELL CULTURE

Thin films formed using LbL have been o f great interest scientifically for many
years and have been used to develop thin films o f various polymers for increased or
restricted cell attachments on various substrates87,132. There has only been one study prior
to this, for the formation o f cell adhesive nanoparticle thin films129, where the
investigators have shown that the cells attached to semiconductor films only after coating
with a thin layer o f collagen on top o f the nanoparticles. Nanoparticles have long been
studied for the formation of thin films on various substrates 133 . Here we have integrated
the formation of thin films of nanoparticles with cell culture to test the viability o f cells
directly on the nanoparticle thin films.

7.1 Thickness of the Nanoparticle Thin Films
The change in the thickness with increasing number o f layers o f nanoparticles is
shown in Figure 7.1. The average thickness o f the precursor layers was approximately 5
nm. The average growth step per bilayer was found to be 6, 11, 22 and 56 nanometers for
silica, TiCL, montmorillonite and halloysite, respectively. A linear increase in the
thickness of the bilayers was observed for all the nanoparticle films indicating successful
deposition of nanoparticles in alternation with the respective polyelectrolytes.

89
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Figure 7.1. Thickness of the nanoparticle thin films measured using quartz resonators.

7.2 Cytotoxicity of Nanoparticle Thin Films
on Human Dermal Fibroblasts
A two color fluorescent cell viability assay was performed on cells attached to
nanoparticle surfaces which provides simultaneous visualization o f both live and dead
cells. Live cells show a bright green fluorescence while the dead cells fluoresce red. All
four kinds of nanoparticle coated substrates were visualized for cell viability. Cell
viability results for a montmorillonite coated substrate is shown in Figure 7.2. The
number of cells that are stained with calcein AM (green) is far greater than the number of
cells stained with ethidium homodimer-1 (red), which indicates that the nanoparticle thin
films offer cell supportive surfaces. Similar kinds o f results were obtained with other
nanoparticles (data not shown) providing evidence that the selected nanoparticle surfaces
do not have any major toxic effect on HDFs and that the cells can survive on the LbL
assembled nanoparticle substrates.
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Figure 7.2. Live/dead assay performed on a glass substrate coated with 2 layers of silica.

7.3 Proliferation and Phenotype of
Human Dermal Fibroblasts on
Nanoparticle Thin Films
Qualitative BrdU cell proliferation assay was performed on the cells attached to
the nanoparticle coated substrates. This test shows the incorporation o f BrdU during
mitosis. Silica, halloysite, montmorillonite and TiCU coatings showed cell proliferation.
Figure 7.3 shows the BrdU test results on substrate coated with two layers of TiCh
nanoparticles in alternation with PDDA. Similar results were obtained on other
nanoparticle coatings also. Quantitative cell proliferation was done using the MTT assay
and the results of cell activity on the substrates is depicted in Figure 7.4. One can see that
the cells on halloysite, montmorillinoite and Ti0 2 have a higher activity (shown by the
absorbance) than the cells on the control and silica surfaces. HDF phenotype was
determined by the expression o f type I collagen on the nanoparticle coated substrates.
Figure 7.5 shows the image of collagen expressed by HDFs on a montmorillinoite coated
glass substrate. Collagen can be seen around the nucleus o f the cell (elliptical white space
in the middle of each cell).
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Figure 7.3. Brdu Cell proliferation on a substrate coated with 2 layers o f Ti02.
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Figure 7.4. MTT based cell activity on LbL assembled nanoparticle thin films.
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Figure 7.5. Collagen expression by HDFs on a substrate coated with
3 layers o f montmorillinoite.

7.4 Cell Spreading on Nanoparticle
Thin Films
For visualizing the spreading o f the cells on the substrates, HDFs were seeded on
the substrates coated with 3 layers o f nanoparticles. Scanning electron micrographs o f the
cells on the substrates after 4 hours o f incubation were acquired. The cells on the control
(Figure 7.6), halloysite (Figure 7.7), montmorillonite (Figure 7.8) and silica (Figure 7.9)
have a rounded morphology, where as some o f the HDFs (white arrows in Figure 7.10)
on the TiCh coated substrates show a morphology that suggests that those cells have
partially spread on the substrate. However, most o f the cells on Ti02 still retain their
rounded morphology. Figures 7.11 through 7.15 show the morphology o f cells on the
substrates after 24 hours of seeding. One can clearly see that some cells on
montmorillonite (Figure 7.13) and silica (Figure 7.14) substrates still have a rounded
morphology suggesting that the cells on these substrates take a longer time for spreading.
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The cells on halloysite (Figure 7.12) and TiC>2 (Figure 7.15) show a spreading
morphology.

Figure 7.6. Cells attached on control substrate after 4 hours o f seeding.
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Figure 7.7. Cells attached on a substrate coated with 3 layers o f halloysite
after 4 hours o f seeding.
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Figure 7.8. Cells attached on a substrate coated with 3 layers o f silica
after 4 hours o f seeding.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

)

8.0kV

540X

20 um

Figure 7.9. Cells attached on a substrate coated with 3 layers o f
montmorillonite after 4 hours o f seeding.

Figure 7.10. Cells attached on a substrate coated with 3 layers o f TiCh
after 4 hours o f seeding.
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Figure 7.11. Cells attached on control substrate after 24 hours of seeding.

Figure 7.12. Cells attached on a substrate coated with 3 layers o f halloysite
after 24 hours o f seeding.
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Figure 7.13. Cells attached on a substrate coated with 3 layers o f silica
after 24 hours o f seeding.

Figure 7.14. Cells attached on a substrate coated with 3 layers o f montmorillonite
after 24 hours o f seeding.
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Figure 7.15. Cells attached on a substrate coated with 3 layers o f TiCL
after 24 hours o f seeding.
7.5 Conclusion
The attachment, cytoxicity and proliferation o f cells on novel substrates, in-vitro,
are the first steps towards the testing the same substrates in-vivo. These tests give a basic
understanding o f the behavior o f cells towards the substrates. Toxic, undesirable
substrates can be screened by this process, giving us the most suitable substrates for
various implantation applications. Nano-phase materials are one such novel substrate
surface which has been widely used for testing the behavior o f cells in-vitro134. Research
has shown that these materials, when present or coated can positively influence the
behavior of cells on substrates22’25.
In this chapter, we have discussed the possibility o f the surface modification o f
materials with inorganic nanoparticles, assembled with nanometer precision using LbL
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assembly. Our results have shown that inorganic nanoparticle thin films can be assembled
with nanometer precision and offer the possibility of including various components
(polymers and nanoparticles) for the better functioning of implants. We have shown in
this report that the nanoparticles tested, did not have major toxic effects on the cells.
Qualitative proliferation of cells on the nanoparticle thin films was shown with the BrdU
assays. The cells on these inorganic nanoparticle thin films retained their phenotype by
synthesizing type I collagen, the phnotypical marker of HDFs. Partial spreading o f the
cells on TiCb can be seen 4 hours after incubation and, at 24 hours, the spreading o f cells
on halloysite and TiC>2 is complete, where as many cells on montmorillonite and silica
still retain a rounded morphology. TiC>2 and halloysite show faster spreading o f cells than
the other nanoparticles tested. In conclusion, we have demonstrated the formation o f thin
films made of inorganic nanoparticles, with the purpose o f modifying the surfaces o f
implantable materials and we have shown the attachment o f cells on thus assembled
nanoparticle thin films.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 8

LAYER BY LAYER ASSEMBLED T i0 2 THIN
FILMS FOR ATTACHMENT AND
SPREADING OF STEM CELLS

The initial study o f cell attachment o f nanoparticle thin films was verified with
the culture of HDFs on 4 different kinds o f nanoparticle thin films (previous chapter).
The results suggested that TiCf and halloysite thin films showed faster attachment o f
cells. In this chapter, the formation o f thin films o f nanoparticles and the attachment o f
stem cells will be discussed. The nanoparticle thin films that offer the best surface for the
proliferation of cells will be identified and the attachment, proliferation with different
numbers o f layers, surface roughness effects and spreading o f cells will be discussed.

8.1 Thickness of the Nanoparticle Thin Films
The thickness o f the assembled nanoparticle layers was determined by the
deposition of the precursor and nanoparticles on quartz crystal microbalance resonators.
The increase in the thickness was plotted against the number o f layers o f material
deposited and is depicted in Figure 8.1. The average bilayer thickness was calculated to
be around 11, 6, 22 and 56 nm for titanium dioxide, silica, montmomollite and halloysite,
nanoparticles. The bilayer thickness increased linearly with increasing number of bilayers

101
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respectively. Four different resonators were used for the four different types of o f the
material deposited (inset in Figure 8.1). The average thickness of the precursor layers was
around 5 nm.
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Figure 8.1. Change in thickness o f the deposited nanoparticle films, monitored using
quartz crystal microbalance. Inset shows the linear increase in thickness o f the deposited
layers.

8.2 Cell Numbers bv MTT Assay
Various nanoparticle coatings were tested for the attachment o f MMSC and for
cell numbers as a function of different coatings. The results are shown in Figure 8.2.
Three bilayers of each type of nanoparticle coating was used to perform this assay. The
initial density of seeding on a 2cm*2cm substrate was 6000 cells/cm . The cells were
incubated for 72 hours and the MTT assay performed as previously described in the
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materials and methods section. Uncoated glass substrates were used as the control. The
data shows that MSC showed a strong preference for the T i0 2 coated substrates while
silica and halloysite showed negative trends in the attachment o f the cells.
Montmorillonite showed a small increase as compared with silica and halloysite, but is
still smaller than the cells attached on the control surface. The cells seeded on the T i0 2
surface almost tripled in three days (more than the control surface) suggesting that T i0 2
nanoparticle coatings favor cell attachment and growth.

Other nanoparticle coatings

show that they may not be suitable for the initial attachment and growth o f MMSC (based
on Figure 8.2). No long term studies were conducted for the proliferation and attachment
o f MMSC on silica, halloysite and montmorillonite coated substrates.
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Figure 8.2. Cell numbers on 4 layers o f nanoparticles deposited with respective
polyelectrolyte layers. The cells were counted using MTT based assay on the third day
after seeding the substrates.
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8.3 Surface Roughness of TiO? Thin Films
Surface roughness of the deposited TiC>2 nanoparticle layers was determined using
a non contact optical profder which gives the average roughness o f the surfaces. The
average roughness in an area of about 0.07 mm2 was measured for different number of
layers o f TiCh deposited in alternation with PDDA. The Ra values obtained plotted
against the number of layers of TiC>2 deposited shows a linear increase in the roughness
with increasing number of layers o f TiC>2 (Figure 8.3). Figure 8.4 is the representative
data sheet obtained from the optical profiler measurements.
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Figure 8.3. Change in surface roughness Ti02 layers as a function o f layer number.
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Figure 8.4. Representative data o f surface roughness on a substrate coated
with 2 layers of TiCY

8.4 Cytotoxicity of TiO? Coated Substrates
The cytotoxicity of the substrates studied using commercially available
fluorescent dyes showed very little cell death on the substrates. Figure 8.5 shows the
cytotoxicity test performed on a glass substrate coated with 4 layers o f TiC>2 in alternation
with PSS. One can see that all the cells in this image are alive (green). These results show
that the Ti0 2 coated substrates support cell culture on them and that these substrates do
not have a toxic effect on the attached cells. Quantitative cytotoxicity experiments were
not conducted for this report.
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300 |im

Figure 8.5. Cytotoxicity assay performed on a glass substrate coated
with 4 layers o f TiC^.

8.5 Cell Proliferation on TiO? Substrates
Different numbers of Ti02 layers were coated on glass substrates and MSC were
seeded at equal densities (6000 cells/cm2) on these substrates. Figure 8.6 shows the
results o f the MTT assay performed on these substrates 72 hours after seeding. It was
observed that coating the substrates with TiC>2 increases the attachment o f cells. One
layer of Ti0 2 increases the number o f cells by approximately 20% from the control
surface. No obvious trend in the attachment of MSC was observed with increasing
number of layers of Ti0 2 (increasing surface roughness), but coating the substrates with
Ti02 clearly shows an increase in the number o f cells attached after 72 hours.
Statistically, significant differences were observed with 1, 2 and 6 layers (p<0.01,
compared with the control surface) and 4 (p<0.05, compared with the control surface)
while no significant difference was observed with 3 layers o f TiC>2 .
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Figure 8.6. Cell numbers on various layers o f TiC>2 coated on glass. (* p<0.01, + p<0.05
compared with the control).

8.6 Cell Attachment on TiO? Substrates
The cell attachment studied on the control and for 1 layer and 4 layer substrates is
shown in Figure 8.7. The number o f cells on the substrate coated with 4 layers o f TiC>2
shows a marked increase from the control and also the substrate coated with 1 layer o f
TiC>2 . The number o f attached cells on each substrate increased with increasing time and
for all time periods. The number o f cells on the substrate coated with 4 layers was found
to be more than the control and the substrate coated with 1 layer o f TiC>2 . A statistically
significant increase in attachment o f cells to the substrate coated with 4 layers was found.
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Figure 8.7. Number o f cells attached on the control and 1 layer and 4 layer substrates (*
p<0.01, + p<0.05 compared with control).

8.7 Cell Spreading Visualized by Scanning
Electron Microscopy
Cell spreading was visualized using scanning electron microscopy. Four different
times were chosen for the control (no coating) and for substrates coated with 1 layer and
4 layers o f TiC^. The cells on all substrates after 1 hour o f seeding had a rounded
morphology (data not shown). Figure 8.8 through figure 8.10 show the scanning electron
micrographs of the cells on these substrates after 4 hours o f seeding. The cells on the
control (Figure 8.8) and 1 layer (Figure 8.9) show rounded morphology; where as some
cells (white arrows) on 4 layers (Figure 8.10) show a partially spread morphology on the
substrate surface. Figure 8.11 through 8.13 show the SEM images o f the cells on the
substrates after 12 hours of incubation. Most o f the cells on the control (Figure 8.11)
show rounded morphology o f the cells after 12 hours o f incubation. On the substrates
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coated w ith 1 layer o f TiCh, most of the cells have spread (Figure 8.12). Some cells on 1
layer o f TiCh still retain their rounded morphology, however, the number o f cells with
such morphology is far less than the number of cells that have spread. On the substrate
coated w ith 4 layers of Ti02 (Figure 8.13) the cells have long pseudopodia after 12 hours
of incubation, suggesting that the cells have already spread on this substrate surface. The
morphology o f the cells after 24 hours on different substrates is shown in Figures 8.14
throug 8.16. The morphology of most o f the cells on the control surface (Figure 8.14)
suggests that the cells have spread, but many cells remain rounded even after 24 hours of
incubation. On the substrate with one layer o f Ti02 (Figure 8.15), almost all the cells
suggest spread morphology, but some o f the cells have partially spread (white arrow)
suggesting that some of the cells are still spreading. The morphology of the cells on the
substrate coated with 4 layers o f Ti02 (Figure 8.16) after 24 hours shows that the cells
have spread and are well adapted to the surface.

Figure 8.8. Cells attached on control substrate, after 4 hours o f seeding.
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Figure 8.9. Cells attached on a substrate coated with 1 layer o f Ti02,
after 4 hours o f seeding.

Figure 8.10. Cells attached on a substrate coated with 4 layers o f T i0 2,
after 4 hours o f seeding.
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Figure 8.11. Cells attached on control substrate, after 12 hours o f seeding.
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Figure 8.12. Cells attached on a substrate coated with 1 layer o f Ti02,
after 12 hours o f seeding.
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Figure 8.13. Cells attached on a substrate coated with 4 layer o f TiCX,
after 12 hours o f seeding.
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Figure 8.14. Cells attached on control substrate after 24 hours o f seeding.
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Figure 8.15. Cells attached on a substrate coated with 1 layer o f Ti02
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Figure 8.16. Cells attached on a substrate coated with 4 layers o f T i0 2,
after 24 hours o f seeding.
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8.8 Conclusion
Implant modification for cell attachment has been an interesting area o f study for
many years and various methods have been proposed and implemented. The initial
attachment of cells to these surfaces is critical for the functioning and longevity o f these
materials135. Nanostructured materials have been targeted for the purpose of surface
modification o f implantable materials and these materials have been shown to
significantly increase the attachment o f cells without compromising the integrity o f the
implant. Cell cultures for soft and hard tissue replacement have also been shown to
increase in the presence of nanomaterials136.
LbL has been a method for surface modification with applications in many areas
o f scientific research and more recently, LbL o f macromolecules has been applied to
surface treatement and coating for implants137. LbL offers the possibility to include
multiple components (dmgs, enzymes) in the nanophase coatings, offering the possibility
o f unique compositions for increasing the attachment o f cells. Sanin et al129 were the first
to show the attachment of cells to nanoparticles thin films, by coating collagen on these
thin films. To the best of our knowledge, there has been only two previous studies on the
attachment o f cells directly on nanoparticle thin films, which were accomplished by our
group22,23. In the previous study o f attachment of human dermal fibroblasts on
nanoparticle thin films, we observed higher and faster attachment o f cells on TiCL
nanoparticle thin films among 4 different kinds o f nanoparticles tested. In this study, we
have selected TiC>2 nanoparticle thin films for surface modification and various studies
have been performed.
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Mesenchymal stem cells are a versatile cell line since their numbers can be
expanded

significantly and differentiated into multiple cell types with various

applications for tissue engineering. Our studies with MSC on nanoparticle thin films
showed that more cells attached to Ti02 coated substrates (compared to the control). One
explanation may be that an initial adsorption of a thin layer o f negatively charged
extracellular matrix proteins 138 from the cell culture media on the positively charged Ti0 2
surface encouraged initial cell attachment and may explain the increased attachment of
MSC on the Ti02 nanoparticle thin film. Moreover, Ti02 is a known biocompatible
material and the chemistry of cell adhesion on T i0 2 promotes this increased attachment.
Cell attachment studies showed an increased attachment o f MSC on a rougher Ti02
surface (higher number of layers, 4 layers o f Ti02) than a smoother TiCh surface or the
control surface. This is probably due to the increased surface area available for the cells
to interact with the material105 on a rougher surface as opposed to lower surface area
available on a lower surface roughness material o f the same composition and chemistry
o f cell attachment behavior. The results from the attachment studies are corroborated by
the scanning electron micrographs o f the cells. It can be deduced from the electron
micrographs that the cells attached and spread faster and had good adaptation on surfaces
with a higher number of TiC>2 layers (greater surface roughness/surface area) than a
surface with a lower number of TiC>2 layers (lower surface roughness/surface area). After
24 hours, cells retained rounded morphology on the control surface (Figure 8.14), where
as at 4 hours on a 4 layer surface (Figure 8.10), the cells show signs o f spreading across
the substrate and at 12 hours (Figure 8.13), they have spread and have long pseudopodia,
a sign of good adaptation to a rougher surface. A one layer TiC>2 surface shows a trend
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that is intermediate between the control and 4 layer surfaces. We conclude that a
combination of chemistry o f cell adhesion and the surface properties make TiCk a good
candidate for further studies with MSC.
In conclusion, LbL assembly of TiCk nanoparticles offers a promising tool for the
modification of implantable surfaces for increased attachment of cells. This method can
be cost effectively utilized for such purposes without compromising the integrity o f the
implant strength. Our future work is directed towards promoting chondrogenesis and
osteogenesis of MSC on Ti02 surfaces for possible applications for soft and hard tissue
repair and reconstruction using the LbL technique.
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CHAPTER 9

SUMMARY AND FUTURE WORK

The formation of thin films by LbL nanoassembly has been one of the main
techniques to produce ordered nanometer featured multilayer surfaces over the past
decade and half. The applications of this novel technique have been in the fields that
include tissue engineering, protective coatings, drug delivery, encapsulation, lithographic
applications, devices like solar cells, nano and micro-reactors etc. Many of these
applications have used LbL in conjugation with other techniques to form functional thin
film coatings and surfaces. In this dissertation, we have discussed two such integrations:
1) LbL and microfabrication and 2) LbL and tissue engineering. In section one, the
formation of microstrip complexes consisting o f polyelectrolytes in combination with
other polyelectrolytes, polyelectrolyte/protein and polyelectrolyte/ion were formed inside
a multiphase laminar flow microfluidic channel. The width and the relative positions o f
these microstrips inside the channel were altered with concentration, diffusion coefficient
and flow rate o f the individual inlet reactant species. The main theory used in this work
was that multiple reactant entities flowing parallel to each other interact only by
molecular diffusion. This diffusion o f species into the interface o f the liquids (reactant
species) produces the reaction product as a thin strip. The effects o f the flow rate o f the
individual species and the diffusion coefficient was studied with the software simulation

117

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

118
of the experimental conditions and the experimental results corroborated with the
simulated conditions. Other work in this integration were the formation o f pH sensitive
channels by coating the surface of the channels with a pH sensitive dye, the selective
coating o f micro particles inside the channel and electric field effects on the formation of
the complex. Atomic force microscopy and confocal microscopy were used to study the
formation o f these complexes in the channels. The integration o f cell culture techniques
with microfluidics and LbL is one such project that can be undertaken to form cell culture
platforms to test various stimuli affecting the behavior o f cells. Moreover, the formation
of these cell culture test beds offers an easy to use, disposable, cheap and well controlled
platform for these kinds of tests. As a subsection o f the integration o f microfabrication
and LbL, quasi 2-D nanomembranes were fabricated using a variation o f LbL known as
the spin assisted LbL process and these nanomembranes were fixed on an array o f
micrometer holes fabricated using standard microfabrication techniques. The collective
deflection data from these membranes was collected to speed up the process o f
optimization o f the nanomembranes. One o f the many applications o f such membranes is
a miniature pressure sensor in a gas flow environment. This is an application that is being
pursued with collaborators at Iowa State University. Other possible work includes the
formation of functional bioactive membranes and chemical sensors.
The formation of thin films on planar substrates is an area in which LbL assembly
has been used extensively. There have been more than one thousand publications since
the year 2000 alone. Many o f these publications have been for the formation o f functional
bioactive thin films on substrates like glass, plastic and metals. Other applications o f
these thin films have been the formation o f coatings as protective layers and the
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fabrication o f functional devices useful in the physical sciences. In the second part o f this
dissertation, the formation of thin fdms consisting mainly o f nanoparticles is discussed.
These thin films were used as coatings for superhydrophilic, biocompatible layers. The
first subsection of this work focuses on the formation o f superhydrophilc coatings
consisting o f TiC>2 nanoparticles. Previous research has been on the formation of the thin
films o f TiC>2 using sputtering, evaporation, SAMs etc. which produced films with
superhydrophilic properties only under illumination from either under a UV lamp or
sunlight. In our work, we have assembled thin films of Ti( > 2 nanoparticles with overall
film thickness ranging form a few nanometers to about 300 nm. These thin films,
assembled on substrates with varying initial wettability, showed superhydrophilic
characteristics on all substrates without the need for an external illumination source.
Depending on the type of substrate used, complete wettability was achieved after a
number o f alternations of the nanoparticles with oppositely charged polyelectrolytes. It
was shown that the number of such alternations was reduced after treating the substrates
with oxygen plasma, which accelerated the assembly process, such that 5 alternations
were required instead o f 20, after plasma treatment. These superhydrophilic coatings
were shown to be long lasting, which are not possible by coating with other kinds of
materials on these substrates. The superhydrophilicity o f the coating was shown to be
unique to TiC>2 , by coating the substrates with other kinds o f nanoparticles (to eliminate
the hydrophilicity due to surface roughness). Finally, in this work, for the first time we
have shown the attachment of cells directly on nanoparticle thin films.
In the second subsection, the formation o f cell adhesive nanoparticle thin films
was elaborated. Two different cell types were studied on the nanoparticle thin films. First
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a preliminary study o f human dermal fibroblasts was done to prove the actual attachment,
proliferation and spreading of cells on the thin films. Four different nanoparticles were
assembled as thin films on glass substrates with oppositely charged polyelectrolytes and
the effects of these nanoparticles on the cells were analyzed. The nanoparticles did not
offer a toxic environment to the cells and the cells thrived on the thin films. Active cell
proliferation was found on these thin films and the cells retained their phenotype. This
pilot study with the nanoparticles opened a new method o f surface modification to impart
nanostructured surface features for the cells. Many research groups have shown that cells
attached and proliferated faster on surfaces with nanometer surface features. Using this as
a motivation for our work with the second cell type (stem cells), we have shown that the
surface roughness increases with an increasing number o f layers o f LbL assembled
nanoparticles. With increasing surface roughness, increased cell attachment and
proliferation was observed. Cell attachment and spreading was faster on the rougher
surfaces compared with the same surface with lower surface roughness. An extension of
this work is the inclusion of drug loaded nanoparticles to differentiate the stem cells into
various other kinds o f cells. A sustained release system is another possible method to
control and regulate the differentiation o f the stem cells.
In conclusion, we have accomplished the integration o f LbL nanoassembly with
microfabrication techniques and tissue engineering. These two integrations are o f great
importance in the biological and physical sciences. Functional, engineered, multicomponent, nanometer thick films that perform as well as or better than their thicker
counterparts is a unique aspect o f LbL nanoassembly which was used as a tool in this
dissertation for the formation various surface coatings.
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